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GROWTH INHIBITION OF TWO SAPROPHYTIC AND TWO 
PLANT PARASITIC SOIL FUNGI BY ANTIBIOTICS' 


E. W. B. Warp? anp A. W. HENRY 


Abstract 


Comparisons were made of growth inhibition of two saprophytic (Trichoderma 
viride, Trichocladium asperum) and two plant parasitic soil fungi (Ophiobolus 
graminis, Fomes annosus) by antibiotics. The fungi were grown on an agar 
medium containing various concentrations of one of the antibiotics: acti-dione, 
gliotoxin, griseofulvin, patulin, or trichothecin. In general the two parasites 
tended to be more sensitive than the saprophytes, but there were several indi- 
vidual exceptions. Moreover, the comparative responses of the fungi at different 
antibiotic concentrations were frequently not proportionately related. The 
results are discussed in relation to the possible effects of antibiotics on fungi in 
natural soil. 


Introduction 

The discovery of antibiotic production by microorganisms gave rise to the 
widely accepted view that these substances play an important role in microbial 
competition under natural conditions. On the basis of this assumption it is 
reasonable to expect, as suggested by Garrett (4), that microorganisms which 
are poor competitors will be relatively most sensitive to antibiotics. Thus, in 
classifying soil fungi into the two broad groups ‘root-inhabiting’ and ‘soil- 
inhabiting’ Garrett proposed that relative sensitivity to antibiotics might be a 
characteristic of the first group, correlated with a characteristically low com- 
petitive saprophytic ability. Direct evidence to support this view, however, is 
rather limited. Jefferys et al. (6) found four parasitic fungi to be generally more 
readily inhibited by antibiotics than a number of saprophytic soil fungi with 
which they were compared. Inhibition of spore germination or production of 
morphological changes in germ tubes were the criteria used. Butler (1) showed 
Helminthosporium sativum to be a much less vigorous saprophyte than 
Curvularia ramosa and this was correlated (2) with a relatively greater inhibi- 
tion of spore germination by antibiotics in the case of H. sativum. Brian (3) 
discussed the selective effect of antibiotics in favor of saprophytic soil fungi as 
opposed to root-inhabiting fungi. It was pointed out that antibiotic tolerance 
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would also be expected to offer considerable advantage to root-inhabiting 
fungi and there was no obvious explanation for the absence of this characteristic 
in this group. 

In the investigations referred to above inhibition of spore germination was 
the main criterion of antibiotic sensitivity, and the concentrations required to 
reduce germination to a certain percentage of that of control spores was 
determined. In the experiments described here the effect of antibiotics on 
mycelial growth of two saprophytic and two plant parasitic soil fungi was 
determined over a range of concentrations, permitting comparisons at various 
levels of fungitoxicity. 


Materials and Methods 

The two saprophytic soil fungi (Trichoderma viride Pers ex Fries, Tricho- 
cladium asperum Harz) and the two plant parasitic soil fungi (Ophiobolus 
graminis Sacc., Fomes annosus Fries) which were used in these experiments 
have been referred to elsewhere (7). Five antibiotics were used: acti-dione 
(cycloheximide), gliotoxin, griseofulvin, patulin, and trichothecin, all of which 
are produced by soil microorganisms. Stock solutions of the antibiotics were 
prepared using water as a solvent for acti-dione and acetone for the others. 
These were incorporated in a medium composed of malt extract (Difco) 5 g, 
yeast extract (Difco) 5 g, D-glucose 15 g, agar (Difco-Bacto) 17 g, and distilled 
water 1 liter, to give the concentrations indicated in Fig. 1. Acetone was added 
to control media in experiments with antibiotics for which this was the solvent. 
The medium was sterilized for 8 minutes at 121° C and 15-ml aliquots were 
dispensed into Petri dishes. The acetone was largely dissipated during steriliza- 
tion and any residue was without toxic effect. Inoculum consisted of uniform 
plugs cut from the periphery of cultures growing on the basic medium. Cultures 
were incubated at room temperature (22—25° C) and growth was determined as 
the mean diameter of four replicate cultures measured every 24 hours, or more 
frequently. 


Results 

The data obtained for growth of the four fungi under the influence of various 
concentrations of antibiotics may be conveniently plotted as a series of growth- 
rate curves. However, the large number (132) of such curves and the natural 
differences in growth rates of the fungi (7) would make presentation in this 
form cumbersome and comparisons between the fungi difficult. Examination 
of the growth-rate curves indicated that at points corresponding to 48 hours 
incubation of T. viride and 120 hours incubation of the other fungi, growth in 
all cases had become linear. The growth values from these points form the basis 
of the curves in Fig. 1, for which percentage inhibition (control equal to zero) 
was calculated and plotted against the logarithm of the concentration. 
Although treatment of the data in this way enables direct comparison of 
inhibition to be made more readily, it does suffer from the drawback that no 
evaluation of differences in the lag period can be made. However, it is felt that 
a reasonable compromise has been achieved by this method. 

Reference to Fig. 1 indicates that although the two parasites tended to be 
more susceptible to antibiotic inhibition than the two saprophytes, such a 
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conclusion must be qualified by reference to the antibiotic concentration and 
by individual differences between the fungi. Thus O. graminis and F. annosus 
were more strongly inhibited than T. viride and T. asperum by all acti-dione 
concentrations and by patulin and trichothecin at the highest concentrations 
used. In addition F. annosus was rather more sensitive to gliotoxin and tricho- 
thecin than were the other three fungi. However, the response of O. graminis 
to trichothecin was similar to that of the saprophytes at concentrations below 
25 p.p.m., although it differed in that complete inhibition occurred at this 
concentration. The response of O. graminis to all concentrations of gliotoxin 
was indistinguishable from that of the saprophytes. F. amnosus and the 
saprophytes were not inhibited by patulin at concentrations of 10 p.p.m. and 
less, but the former was strongly inhibited at higher concentrations. O. 
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Fic. 1. Effect of antibiotics on the growth of Trichoderma viride (T.v.), Trichocladium 
—— (T.a.), Ophiobolus graminis (O.g.), and Fomes annosus (F.a.). Plot of percentage 
inhibition against logarithm of concentration, p.p.m. 
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graminis was appreciably inhibited by concentrations of patulin as low as 
5 p.p.m. The effect of griseofulvin was particularly interesting in that T. viride 
was the most sensitive of the four fungi to this antibiotic, while F. annosus 
was notably resistant at concentrations up to 10 p.p.m. The behavior of 
T. asperum was most consistent, indicating striking resistance to several of the 
antibiotics and invariably greater resistance than the other fungi. When 
inhibition did occur linear growth was usually established without appreciable 
extension of the lag. This was often in contrast to the behavior of the other 
fungi, and especially to that of the parasites, for which inhibitory antibiotic 
concentrations frequently caused considerable increases in the length of the 
lag period. In these cases some kind of adaptive process may be indicated, the 
final linear growth rate being higher than that suggested by values for total 
growth. 


Discussion 

The differences in the relative responses of the four fungi to antibiotics at 
different concentrations are of interest. They suggest that if antibiotics are 
important in natural soil the possible effects of concentrations causing less than 
complete inhibition should be considered. The results reported here suggest 
that increasing or decreasing concentrations of an antibiotic may not always 
have equally proportional effects on all members of a group of fungi. Thus 
differential action on different organisms of the soil microflora may be 
influenced, possibly, by any factors which affect the local concentration of an 
antibiotic, aside from its characteristic specificity. Brian (3) summarized 
much published information on the physical, chemical, and biological factors 
which influence antibiotic concentration in the soil. The local concentration 
would also depend on the quantity produced, the distance from the source, 
and the elapsed time after cessation of production. A continually changing 
spectrum of response may, therefore, be expected which would give rise to 
spatially and temporally limited variations in the activity of members of the 
microflora. Such small variations would probably be undetectable on a broad 
scale but might result in significant shifts of the microbial balance in micro- 
habitats in the soil. The situation resulting from the production of several 
antibiotics in proximity would be extremely complex. Considerations such as 
these may help to explain why clear-cut antibiotic effects are frequently difficult 
to demonstrate in natural soil. 

It is not suggested that the sample of the microbial population considered 
here is sufficient for broad generalization. However, the conditional agreement 
of the results with the hypothesis that root-inhabiting fungi are more sensitive 
to antibiotics than soil-inhabiting fungi suggests that the premises for this 
hypothesis may be only conditionally valid. This implies that either antibiotics 
are not always major factors in microbial competition or that root-inhabiting 
fungi do not always have a lower competitive saprophytic ability than soil- 
inhabiting fungi. Both implications are probably correct for, as pointed out by 
Garrett (5), exceptions to generalizations of this kind are to be expected. 
However, such exceptions, although not obviously important for the over-all 
outcome of microbial activity, may be highly significant locally in the micro- 
habitats where active competition must take place. 
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A KARYOTYPE STUDY OF ANEMONE DRUMMONDII AND ITS 
HYBRID WITH A. MULTIFIDA! 


MARGARET HEIMBURGER 


Ahomast 


A collection of A ¢ S. Wats. from Jasper National Park, 
Alberta, has been found to be i 2n=48. Chromosome pairs belonging to 
each of the groups, I-VIII, can be identified with few exceptions, on the basis of 
relative length and centromere position. Since several well-characterized pairs 
are represented only once, the allopolyploid nature of this species is evident. 
Metaphase plates from hybrids with A. multifida Poir. var. hudsoniana DC. 
allow a direct comparison between the parental karyotypes. Similarity of one 
chromosome set from each parent suggests that these sets were contributed by 
the same or by closely related ancestral species. 





Introduction 


In the section Eriocephalus Hook. and Thoms. of the genus Anemone L., 
several apparently related taxa such as A. multifida Poir., A. drummondti 
S. Wats., A. lithophila Rydb., and A. tetonensis Porter have been described 
from the Rocky Mountain and Cascade ranges. Of these, A. multifida is widely 
distributed, ranging from the north eastern part of North America to Alaska 
and southward to New Mexico and California, and reappearing again in 
southern Chile and Argentina (10). It is also the only species of this group on 
which cytological studies have been made (9, 11, 4, 5, 2). The other taxa are 
restricted to the western mountain ranges of North America, but since they 
have been variously interpreted, no conclusions as to their relationships, 
taxonomic status, or distribution can be drawn at present. 

One collection from this latter group which can be referred to A. drummondii 
S. Wats. (Moss (12)) became available for study. The karyotypes of these 
plants and of hybrids from a cross with A. multifida are described in this paper. 


Methods 

Methods used in the preparation of slides, drawings of metaphase plates, 
location of voucher specimens, and other details can be found in an earlier 
study of karyotypes in the genus Anemone (2). Discussion of the analysis of 
karyotypes of Anemone will be reviewed and expanded to clarify its application 
in the present study. 

In the eight-chromosome series of Anemone, the existence of a basic karyo- 
type in which the centromeres are subterminal in three pairs of chromosomes, 
submedian in one pair, and median or near median in four pairs, and first 
recognized by Moffett (11), has been amply confirmed in subsequent work 
(6, 7, 8, 2). When the chromosomes are arranged from left to right according 
to increasing length, the three pairs (I-III) with subterminal centromeres lie 
to the left, followed by one pair (IV) with submedian centromeres, and by 

1Manuscript received December 7, 1960. 
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four pairs (V—VIII) with median or near median centromeres. Twenty-six of 
twenty-seven diploid taxa of the eight-chromosome series, including 16 
analyzed by Kurita (6, 7, 8), conform to this basic pattern, the exception being 
one collection of A. palmata L. in which the typical ch. IV is replaced by a 
pair resembling ch. III (2). 

Though the karyotypes of diploid species in the eight-chromosome series of 
Anemone generally share a common pattern, they are by no means identical. 
In the arrangement adopted, the short arms generally also follow a sequence of 
increasing length while the long arms form a less regular pattern. These 
variations in arm length, best brought out when the centromeres are aligned 
horizontally, can be used to characterize the karyotypes of individual species 
or groups of species. Within the chromosome complements, each pair can be 
identified by relative total length and by the position of the centromere. In 
addition, presence or absence of satellites, arm ratios, particularly of the first 
four pairs, and sometimes other features such as secondary constrictions 
characterize certain chromosome pairs and hence specific karyotypes (2). 

Since each of the chromosome pairs in the diploid species can be recognized, 
and exceptions to the basic karyotype pattern are rare, it can be expected that 
chromosome pairs in polyploid species also can be identified and arranged in 
corresponding sets. With few exceptions, the identity of each chromosome pair 
can be ascertained with reasonable certainty and the karyotype pattern 
recognized in the diploids can be reconstructed in each of the two or more sets 
in the polyploid species. Thus each of the chromosome pairs can be assigned to 
respective groups (I-VIII) even though their association into particular sets 
may not be apparent. 

In the tetraploid species, A. multifida, the arrangement of chromosomes into 
series of increasing length does not have the usual result of bringing together 
chromosome pairs of similar form. If the process is reversed, and chromosome 
pairs are grouped on the basis of centromere position, there is a remarkable 
contrast in size between half of the pairs of each of the groups except for a few 
pairs with median or near median centromeres where there is overlapping in 
size. Thus it must be assumed that the two chromosome sets contrast markedly 
in absolute size and that the larger chromosome pairs of each group constitute 
one set and the smaller pairs, the other. When the chromosomes are arranged 
according to increasing size within each set, the basic karyotype pattern of 
diploid species emerges (2). 


The Karyotype of A. drummondii 

A. drummondii S. Wats. 598, near tree line above Sunwapta Pass at about 
7000 ft, Jasper National Park, E. H. Moss, Aug. 9, 1958; 10 plants, five plates; 
2n=48; Fig. 1A. 

Two chromosome numbers, 2” = 32 and 2m = 48, were tentatively reported for 
A. drummondii on the basis of collections of achenes and plants received under 
this name (2). Of these, only the plants with hexaploid chromosome number 
could later be identified as A. drummondit, the tetraploids being A. multifida. 

Since A. drummondii is hexaploid, the equivalent of three diploid chromo- 
some sets are present in which nine chromosome pairs with subterminal 
centromeres, three pairs with submedian centromeres, and 12 pairs with median 
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or near median centromeres would ordinarily be expected. The last group is 
present as expected but there are seven pairs with subterminal and five pairs 
with submedian centromeres. 

The three longest pairs of the group with submedian centromeres are classi- 
fied as ch. IV, of which two have arm ratios of about 1:2, and the third, of 
about 1:1.8. The remaining two pairs, one of which hasa conspicuous secondary 
constriction in the long arm, are classified as ch. III even though they are 
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Fic. 1. Metaphase chromosomes of Anemone (2500). 

(A) A. drummondii. (B) A. multifida X A. drummondii (chromosomes in haploid sets 
recognizing the associations postulated for the parents: first row, large chromosome set of 
A. multifida; second row, two similar sets, one from each parent; third row, A. drummondii). 
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somewhat shorter than some of the chromosomes in which the centromeres are 
subterminal. Among the seven pairs of chromosomes with subterminal centro- 
meres, three pairs are clearly ch. I (Fig. 1A). On the basis of their size and form, 
three of the remaining pairs in this group are in agreement with requirements 
recognized for ch. II. Therefore the pairs left over from each of these two 
groups, namely one with subterminal, and two with submedian centromeres, 
have been designated as ch. III. The possibility is not excluded that one or 
both of these extra submedian pairs are ch. II or that they are ch. II and III 
in the same set. In the present arrangement, two of the three pairs of ch. I and 
one of ch. II have satellites. The four pairs of chromosomes with subterminal 
centromeres and no satellites can be distinguished from cne another by size and 
arm ratio. 

The 12 pairs of chromosomes with median or near median centromeres are 
classified as three pairs each of ch. V-VIII. Although the groups are recog- 
nizable by differences in size without difficulty, the chromosome pairs within 
each group have no distinguishing characteristics. 

Since each of the three pairs of ch. I and of ch. III are distinct from each 
other, and one pair each of ch. II and ch. IV are distinct from the other pairs 
in their respective groups, it is evident that the three chromosome sets of 
A. drummondii are dissimilar (Fig. 1A). Even if the postulated association is 
erroneous, no rearrangement is possible in which two like sets can be assembled. 
Thus A. drummondii is considered to be an allopolyploid. Chromosome pairs 
similar to those of the small set in A. multifida are present and these have been 
grouped to constitute one chromosome set. No clues are available to indicate 
the possible associations of the remaining pairs which have been grouped 
arbitrarily into the other two sets. All three chromosome sets are of the same 
order of size (Fig. 1A). 


The Karyotype of A. multifida xX A. drummondii 

A. multifida Poir. var. hudsoniana DC. 599, Clearwater Forest Reserve, 
Alta., C. C. Heimburger, June 6, 1958 X A. drummondii 598; 10 seedlings, 
five plates; 27 =40. 

Ten achenes germinated and although the seedlings remained chlorotic for 
several weeks, all became green and grew as well as two seedlings of A. drum- 
mondii obtained by selfing. Three plants produced abortive flowers in early 
September, 1960. 

The five haploid chromosome sets in the hybrid, two received from A. 
multifida and three from A. drummondii, have been reassembled according to 
the associations postulated for the parental species (Fig. 1B). The metaphase 
plates of the hybrid plants provide a means of making direct comparisons 
between chromosomes of the two parents, thereby eliminating the difficulty of 
selecting plates in which the chromosomes are in a similar state of contraction. 
The smaller size of the chromosomes in the metaphase plate of the hybrid in 
comparison with those of A. drummondii in the illustration (Fig. 1) is not a 
result of the hybrid condition as other plates were available in which equivalent 
chromosomes were equal in size or larger. Since both parents are allopolyploids, 
each of the two similar haploid chromosome sets observed in the hybrid (Fig. 
1B, row 2) must have come from different parents. The contrast in size of the 
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large chromosome set of A. multifida and the similarity in size of the small set 
of A. multifida and the three sets of A. drummondii can be readily observed. 


Discussion 

Since A. drummondii and A. multifida resemble one another morpho- 
logically, it might be supposed that their karyotypes would also be similar. 
However, the set of larger chromosomes of A. multifida is not represented 
in A. drummondii and at most, only the set of smaller chromosomes of A. 
multifida is common to both species. If the chromosome sets of A. multifida 
are designated as AABB, it is suggested that the sets of A. drummondii are 
BBCCDD or B’B’CCDD. Thus A. multifida has not contributed to the evolu- 
tion of A. drummondii though they may have one ancestor in common or 
ancestors in a closely related group of taxa. On cytological grounds, it has been 
suggested that the set of smaller chromosomes in A. multifida resembles those 
of some species of Pulsatilla (2) and this suggestion applies also to one set of 
A. drummondii. No clues to the possible sources of the remaining two chromo- 
some sets of A. drummondii are available although they are well characterized 
by the two pairs of ch. III with submedian rather than subterminal centro- 
meres. When chromosome sets of polyploid species differ from the basic pattern 
recognized in related diploid species as these do, it may indicate that the 
ancestral forms no longer exist, that corresponding patterns may yet be found 
in diploid taxa, or that the repatterning has taken place after the establishment 
of the polyploid. 

Hexaploidy is rare in the genus Anemone (1). Within the section Eriocephalus, 
three hexaploids are known, namely, A. drummondii, A. janczewskii Gaj., a 
cultivar of known garden origin (4), and A. baldensis L. grown from achenes 
obtained from a botanical garden (8). Two other reports on A. baldensis are 
available, 2n = 24 (11), and 2n=32 (5). The similarities between A. baldensis, 
an alpine species which occurs in the Pyrenees, Alps, and Carpathian moun- 
tains of Europe, and A. drummondii have been widely recognized (3, 13, 14) 
and hence cytological information on both species is particularly desirable. 
However, as reports on A. baldensis are conflicting and material of A. drum- 
mondii limited, discussion on their relationships will be deferred until native 
material of A. baldensis and further collections of A. drummondii are available. 
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ASSOCIATION BETWEEN ASCORBIC ACID CONCENTRATION 
AND COLD HARDENING IN 
YOUNG WINTER WHEAT SEEDLINGS! 


J. E. ANDREws? AND D. W. A. ROBERTS 


Abstract 


The ascorbic acid content of winter wheat varieties, germinated in the dark at 
various temperatures on the surface of moist vermiculite, was much higher at a 
hardening temperature of 1.5° C than at higher temperatures of 5°, 10°, or 20° C 
There were no differences between the ascorbic acid contents of wheat grown at 
the three higher temperatures. Ascorbic acid content was dependent on the stage 
of development at all temperatures. At 1.5°C, the ascorbic acid content in- 
creased during the first 6 weeks of growth (shoots about 15 mm) and then de- 
creased rapidly. This variation in ascorbic acid content was closely associated 
with the increase and decrease in cold hardiness of wheat grown under similar 
conditions. 

Ascorbic acid content was highest in shoots, intermediate in roots, and lowest 
in the endosperm of wheat grown for 6 weeks at 1.5° 

At hardening temperatures (1.5° and 3° C) the more cold hardy winter wheat 

varieties had higher contents of ascorbic acid. At higher temperatures the dif- 
ferences between varieties were small. The ranking of varieties by ascorbic acid 
content could be influenced by relative stages of growth. 

Artificial cold hardiness was imparted to winter wheat seedlings by feeding 
them aqueous ascorbic acid solutions of adequate concentration. The ascorbic 
acid content of leaves required for artificial hardening appeared to be similar to 
that accumulated in sprouts hardened fully by growth at low temperature. 


Introduction 

The metabolic function of ascorbic acid in the plant cell was discussed in a 
recent review by Mapson (7). He concluded that its universal occurrence and 
concentration mainly in the most actively metabolizing cells suggests that it 
has an essential function in plants but its exact place in the metabolism of the 
plant cell remains to be determined. 

Yamasaki and Hanada (10) studied the relationship between ascorbic acid 
content of shoots and the “intensity of winter nature” of six wheat varieties. 
They found that the varieties with ‘‘the higher intensity of winter nature’’ 
had the higher ascorbic acid content when they were grown in the winter or 
at low temperature. When the varieties were grown in the summer or at high 
temperatures there was no correlation between the two characters. Light con- 
ditions had no effect on this relation. Workers in India (2) found that the as- 
corbic acid content of dry seeds of common Indian pulse was low, that it in- 
creased during the first 3 days of germination, and that it then decreased. 
Others (9), working with several Indian legumes, found that steeping the seed 
in the cold (6-48 hours at 0° C) prior to germination at higher temperature 
resulted in pronounced increases in the biosynthesis of ascorbic acid. This 
increase was greater when the seeds were germinated in the dark. 

1Manuscript received October 28, 1960. 

Joint contribution from the Cereal Breeding and Plant Pathology Sections, Canada Agric- 
ulture Research Station, Lethbridge, Alberta. 


2Formerly at Canada Agriculture Research Station, Lethbridge, Alberta; now at Experi- 
mental Farm, Brandon, Manitoba. 
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Futrell and Pilgrim (4) analyzed 5 winter wheat and 10 spring wheat 
varieties for ascorbic acid content at a number of growth stages. The ascorbic 
acid content of all varieties was high in the seedling stage. With further de- 
velopment in spring wheats the ascorbic acid content dropped rapidly; how- 
ever, in winter wheats it remained high during the time the wheats were in the 
decumbent stage. When winter wheats broke dormancy the ascorbic acid 
content dropped sharply. They suggested that the high concentrations during 
the tillering stage may be associated with winter hardiness. 

Andrews (1) has shown that winter wheat will harden to cold during sprout- 
ing in the dark and that the degree of hardiness attained is governed by stage 
of development, hardening temperature, and duration of hardening. At 1.5° C, 
hardening increased progressively during the first 6 weeks of growth and then 
decreased rapidly. At higher temperatures less hardening occurred. 

The experiments reported here were undertaken to study the association 
between ascorbic acid concentration and cold hardening of winter wheat 
during sprouting in the dark. 


Materials and Methods 

Seven varieties of winter wheat (Triticum aestivum L. emend Thell.) differ- 
ing in winter hardiness were grown in petri dishes under conditions of harden- 
ing similar to those used in previous studies of hardening (1). Seeds were surface 
sterilized with a 2% aqueous solution of sodium hypochlorite to control fungus 
and bacterial growth. Forty-five cubic centimeters of fine vermiculite and 38 
ml of water were added to each 20X100 mm petri dish. Seeds (150 per plate) 
were placed on the surface of this moist medium. Following a 16-hour period 
at 20° C the plates were placed in polyethylene bags to reduce moisture loss 
and were moved to temperature chambers controlled at either 1.5°, 3°, 5°, 
10°, 15°, or 20°C where the seedlings were grown in the dark for specific 
periods. 

At specific stages of growth varying from the dry seed to a stage where the 
first leaf was just breaking through the coleoptile and after specific hardening 
treatments the seedlings were analyzed for ascorbic acid content. In most 
experiments only the shoots were analyzed; in some experiments shoots, roots, 
and endosperm were analyzed separately; in treatments where shoots were 
very short (3 mm or less) the developing embryo and endosperm were analyzed 
together. 

The plant material was ground in a mortar with 5% metaphosphoric acid 
and its ascorbic acid content was determined by the TEE-method described 
by W. Franke (3). Two samples were taken from each treatment and each was 
analyzed in duplicate. 

To determine if feeding ascorbic acid solutions to young wheat seedlings 
would affect their cold hardiness, seedlings of Kharkov 22 M.C. and Elgin 
winter wheat were grown to the one leaf stage on the surface of moist ver- 
miculite in plastic containers 44 X8 in. with 18 compartments similar to those 
illustrated by Andrews (1). Each compartment contained 10 cc of vermiculite 
and 20 seedlings. Aqueous solutions of ascorbic acid were prepared in con- 
centrations varying from .005 M to 1.5 M, adjusted to pH 5.5 with sodium 
hydroxide, and 4 ml of each was added to compartments selected at random. 
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After further growth for about 24 hours in a greenhouse the seedlings were 
exposed to freezing treatments of either —10° C for 8 hours, —10° C for 16 
hours, or —15° C for 8 hours in one experiment, and —10° C for 10 hours in a 
second experiment. In the second experiment samples of shoots (removed at 
their junction with the root system) were analyzed for ascorbic acid content 
just prior to the time of freezing. The second experiment also differed from the 
first in that the ascorbic acid solutions were diluted by rinsing the vermiculite 
with distilled water after the seedlings had been exposed to freezing. This was 
done to try to reduce the inhibitory effect of high concentrations of ascorbic 
acid in the media on subsequent growth. 

Twenty-four hours after removal from the freezing chambers the number 
of leaves that apparently survived the freezing treatment was counted. Ten 
days later the number of plants surviving in each treatment was counted. 


Results 
Ascorbic Acid Content of Seedlings Grown under Various Conditions of 
Hardening 

The varieties and treatments involved, and the results of the first experi- 
ment, are given in Table I. It was planned to analyze seedlings grown at each 
temperature at approximately the same stage of development but the rate of 
growth at the higher temperatures was misjudged and, as indicated by the 
shoot lengths, seedlings from the higher temperatures were slightly more ad- 
vanced in development. The ascorbic acid content of shoots of all varieties 
was much greater when they were grown at the lower temperatures than at the 
higher temperatures. Thus temperatures that are more conducive to hardening 
also resulted in greater increases in ascorbic acid content. Furthermore, the 
difference in ascorbic acid content between the hardy varieties, Kharkov 22 
M.C. and Minturki, and the four less hardy varieties was much greater at the 
lower than at the higher temperatures. 


TABLE I 


Ascorbic acid content in milligrams per gram fresh weight of shoots of six 
winter wheat varieties germinated in the dark on the surface of moist 
vermiculite at four temperatures 








Treatment and coleoptile length 








12 days 14 days 25 days 33 days 
at 10°C ass at 3° C aia. 
Variety (80-90 mm) (35-50 mm) (25-35 mm) (15-25 mm) 

Kharkov 22 M.C. 153 .432 .578 .939 
Minturki .124 .414 .574 .939 
oe Fife .117 . 360 .438 tan 
ebred .147 .352 .447 .705 
Elgin .164 . 330 .444 . 730 
Alexander . 186 . 460 .484 711 





In this experiment, however, the effects of temperature and stage of de- 
velopment (shoot length) on ascorbic acid content were confounded. A second 
experiment was designed to obtain further information on the effect of har- 
dening temperature and stage of development on ascorbic acid content. Two 
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varieties, Kharkov 22 M.C., which is very winter hardy, and Elgin, which is 
much less winter hardy, were used. The plants were grown in the dark at 
1.5°, 5°, 10°, and 20° C and were sampled for ascorbic acid analysis at various 
stages of development covering a range of shoot lengths between 3 and 98 mm. 
The effect of duration of hardening and hardening temperature on the cold 
hardiness of these varieties at comparable stages of development has been 
reported previously (1). The ascorbic acid content of shoots at the various 
temperatures and shoot lengths are shown graphically in Fig. 1. The data 
show that the ascorbic acid content depends on the stage of development 
at all temperatures. There was little difference in ascorbic acid content of 
shoots grown at 5°, 10°, or 20° C but ascorbic acid content was much higher 
in shoots grown at 1.5°C than at the higher temperatures. At 1.5° C, the 
ascorbic acid content was highest in samples that had been taken at 6 weeks 
of growth (shoots about 15 mm) and was lower in samples taken earlier or later. 
Previous studies (1) have shown that cold hardiness of wheat at this stage 
was much greater when the wheat was hardened at 1.5° C than when grown 
at a higher temperature, and that the cold hardiness reached a peak after 
hardening for 6 weeks at 1.5° C and then decreased. Thus the ascorbic acid 
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Fic. 1. The effect of temperature on the ascorbic acid concentration in shoots of two 


winter wheat varieties during growth. 
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content is closely associated with the cold hardening that occurs at this stage 
of development. 

The mean ascorbic acid. content of Kharkov 22 M.C. was significantly 
higher (P<.01) than that of Elgin at all temperatures in this experiment 
(Fig. 1) and the difference was greatest at the hardening temperature of 1.5° C. 

To substantiate the results reported above, the ascorbic acid content of the 
two varieties grown at a hardening temperature of 1.5° C was studied further. 
The hardening treatments and results obtained are given in Table II. Ex- 
perience with the previous experiment showed that it was impractical because 
of moisture loss to attempt to separate coleoptiles from seeds that had grown 
for less than 4 weeks at 1.5° C. Therefore, in these further studies, one experi- 
ment was carried out in which the ascorbic acid content of shoots was deter- 
mined after 4, 6, 8, and 10 weeks of growth and hardening at 1.5°C and a 
second experiment in which the ascorbic acid content of the entire germinating 
seed was determined after growth and hardening for 1, 2, 3, 4, 5, and 6 weeks 
at 1.5° C. In addition, to facilitate comparison with the data from the first 
experiment, sufficient seedlings were grown in the 5- and 6-week treatments so 
that shoots could be analyzed separately. 


TABLE II 


Ascorbic acid content in milligrams per gram fresh weight of Kharkov 
22 M.C. and Elgin wheat grown for periods of 1 to 10 weeks at 1.5° C in the 
dark on the surface of moist vermiculite 








Ascorbic acid content 











Experiment II Experiment I 
Kharkov Kharkov 
Hardening treatment 22M.C. Elgin 22M.C. Elgin 
Analysis of all parts of germinating seed 
Dry seed (control) .014 .012 
16 hours at 20° C (control) .012 .015 
” ” followed by 1 week at 1.5°C .063 .062 
24 * . 2 weeks ~ .078 .091 
“ “ “ 3 “ “ ; 138 P 117 
“ “ “ 4 “ “ : 184 , 152 
“ “ “ 5 “ “ ‘ 220 ‘ 171 
“ “ce “ 6 “ “ y 262 x 244 
Analysis of shoot only 
16 hours at 20° C followed by 4 weeks at 1.5° C .933 .559 
“ “ “ 5 “ “ 928 i 646 
4 <i ™ TEs: * .979 711 .992 .685 
“ “ “ 8 “ “ . 717 ; 600 
“ “ “ 10 “ “ 545 348 





The data (Table II), as in the previous experiment, show that the concentra- 
tion of ascorbic acid in both varieties increased during the first 6 weeks of 
growth at a hardening temperature of 1.5° C, and then decreased. These 
changes are closely associated with the relative cold hardiness at corresponding 
stages of development at 1.5° C reported previously (1). With 3 weeks or more 
of hardening the mean ascorbic acid content of the more hardy variety Khar- 
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kov 22 M.C. was significantly higher (P<.05) than that of Elgin. 

The ascorbic acid contents of shoots, roots, and endosperms of the two 
varieties grown and hardened for 5 and 6 weeks at 1.5° C are given in Table III. 
The ascorbic acid concentration was highest in shoots, intermediate in roots, 
and lowest in endosperms. There was a particularly sharp reduction in the 
ascorbic acid content of Elgin roots between the fifth and sixth week. Hansel 
(5) has reported that the primary roots of wheat are more susceptible to cold 
than the shoots. 

TABLE III 


Ascorbic acid content in milligrams per gram fresh weight of roots, shoots, 
and endosperms of two wheat varieties grown at 1.5° C on the surface 
of moist vermiculite 














Kharkov 22 M.C. Elgin 
Weeks at 
1.5°C Shoots Roots Endosperm Shoots Roots Endosperm 
5 .862 ate .042 .555 348 .055 
6 . 830 .349 .037 .562 .170 .054 





Effect of Feeding Ascorbic Acid on Cold Hardiness of Seedlings 

In Table I are given the percentages of leaves that showed no evidence of cold 
injury from exposure to —10° C for 8 hours after having been fed on various 
concentrations of aqueous ascorbic acid solutions for 24 hours at the one-leaf 
stage. The vermiculite on which the seedlings were growing was moist when 
the ascorbic acid solutions were added and therefore the concentrations avail- 
able to the plants would be somewhat lower than those listed in the table. Pro- 
tection from freezing was afforded to plants fed on ascorbic acid solutions with 
concentrations of 0.25 M or greater. About 50% of the plants fed on 1 M 
ascorbic acid were undamaged whereas all leaves of the checks were frozen 
down to the base of the leaf. A similar group of wheat seedlings fed on the 


TABLE IV 


Percentage of leaves of winter wheat plants not damaged by 
exposure to a freezing treatment of —10° C for 8 hours 
immediately after being fed various concentrations of 
ascorbic acid for 24 hours at the one-leaf stage 








Percentage leaves undamaged 





Concentration of 





ascorbic acid, M Kharkov 22 M.C. Elgin 
0.0 1 0 
0.005 1 0 
0.01 1 0 
0.025 0 3 
0.05 0 1 
0.1 1 0 
0.25 31 9 
0.5 36 31 
1.0 49 50 
S.E. 5.4 4.4 


Level of significance of 
difference P<6.4 P<0.01 
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same ascorbic acid solutions were exposed to a freezing temperature of —10° C 
for 16 hours. All plants showed cold injury down to the base of the leaf. 

The percentage of plants surviving' 10 days after freezing with the treat- 
ments described above are given in Table V. Many of the seedlings that had 
suffered cold injury down to the base of the leaf recovered during the 10 days 
after exposure to freezing. In general, best survival of seedlings was obtained 
in 0.25 and 0.5 M concentrations of ascorbic acid. The lower survival of seed- 
lings in the 1 M concentration appeared to result more from a toxic or inhibitory 
effect of the high concentration of ascorbic acid than from the effect of freezing. 


TABLE V 


Percentage survival of winter wheat plants fed various concentrations of ascorbic 
acid at the one-leaf ov and 24 hours later exposed to freezing treatments 
of —10° C for 8 hours and —10° C for 16 hours 








Percentage plants surviving 10 days after freezing 











Kharkov 22 M.C. Elgin 
Concentration of — 10° C for — 10° C for —10° C for —10°C for 
ascorbic acid, Af 8 hours 16 hours 8 hours 16 hours 
0.0 31 , 0 5 0 
0.005 29 -'0 1 0 
0.01 29 1 9 0 
0.025 29 ae 23 0 
0.05 63 9 16 0 
0.1 66 a 6 0 
0.25 89 30 30 0 
0.5 69 19 56 2 
1.0 48 2 37 2 
S. E. 6.9 i. 4.0 6.7 a 
Level of significance } ; 
of difference P<0.01 P<0.01 P<0.01 “= 





A second ascorbic acid feeding experiment was carried out, using aqueous 
sol. tions of 0, 0.5 M, 1 M, and 1.5 M ascorbic acid adjusted to pH 5.5 with 
soc .um hydroxide. Samples of leaves taken at random from each treatment at 
the time the remainder were exposed to freezing were analyzed for ascorbic 
acid content. The, results are given in Table VI. The ascorbic acid content of 
leaves of plants fed on the ascorbic acid solutions was much higher than that 
of plants grown in water. The percentage of leaves undamaged and the per- 
centage survival of plants fed the ascorbic acid solutions were significantly 
higher (P <.01) than that of plants grown in water. These results were similar 
to those of the previous experiment, even though the freezing treatment 
caused more severe damage. As in the previous experiment, the 1 M and 1.5 M 
solutions of ascorbic acid, although imparting protection of leaves to cold, 
were inhibitory to later growth. Elgin, which took up less ascorbic acid than 
Kharkov 22 M.C., was able to tolerate the inhibitory effect of 1 M ascorbic 
acid better than Kharkov 22 M.C. In'the previous experiment also (Table V), 
Elgin was able to tolerate higher concentrations of ascorbic acid than Kharkov 
22 M.C. The inhibitory é¢ffect of the various concentrations was not directly 
comparable, however, because the ascorbic acid solutions in the second experi- 
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ment (Table VI) were diluted by rinsing after the plants had been exposed to 
freezing. 

TABLE VI 
Ascorbic acid content of leaves, percentage of leaves not damaged by freezing, and percentage 
of plants surviving 10 days after freezing of winter wheat seedlings fed various concentrations 


of ascorbic acid at the one-leaf stage and 20 hours later exposed to a freezing treatment of 
—10° C for 10 hours 








Ascorbic acid content 








of leaves in mg per Percentage Percentage 
g fresh weight leaves undamaged plants surviving 
Concentration 
of ascorbic Kharkov Kharkov Kharkov 
acid fed, 22 M.C. Elgin 22 M.C. Elgin 22 M.C. Elgin 
0.0 52 -40 0 0 0 0 
0.5 1.35 .84 10.8 3.8 15.4 3.3 
1.0 3.08 2.85 8.8 19.6 1.7 10.0 
2.5 2.90 2.98 12.5 22.5 1.3 0.4 
S.E. 2.6 1.9 2.4 1.8 
Level of significance 
of difference Pe Ot F< .0i P<.01 P<.01 





« —— 





It is of interest to compare the results of the ascorbic acid feeding experiment 
(Table V1) with the results of the study of ascorbic acid content of hardened 
and non-hardened sprouts (Fig. 1). The maximum ascorbic acid content of 
shoots grown at a temperature of 5° C or higher (Fig. 1) and of leaves of plants 
grown in water to the one-leaf stage (Table VI) were about the same (i.e., 
about 0.5 mg per g fresh weight). Elgin was slightly lower than Kharkov 22 
M.C. in ascorbic acid content in both cases. Kharkov 22 M.C. grown for 6 
weeks at 1.5° C (Fig. 1), at which time it had maximum cold hardiness, had 
an ascorbic acid content of about 1 mg per g fresh weight. Leaves of Kharkov 
22 M.C. plants fed 0.5 M ascorbic acid had nearly the same ascorbic acid 
content (1.15 mg per g) (Table VI) and were more cold hardy than those of 
control plants. Plants fed higher concentrations had higher ascorbic acid con- 
tents (Table VI) but their cold hardiness was no greater. Elgin plants that had 
been fed 0.5 M ascorbic acid and had .84 mg of ascorbic acid per g of leaves 
were less cold hardy than Kharkov 22 M.C., whereas those with higher con- 
tents were more cold hardy than Kharkov 22 M.C. (Table VI). 


Association between Ascorbic Acid Content and Genetic Differences in Cold 
Hardiness 

To determine the feasibility of using varietal differences in ascorbic acid 
content as a means of estimating differences in their cold hardiness the ascorbic 
acid contents of the six varieties listed in Table VII were determined after 6 
weeks of growth and hardening at 1.5° C. Under these conditions both maxi- 
mum ascorbic acid content and maximum cold hardiness have been found to 
occur. The varieties are listed (Table VII) in order of their cold hardiness as 
established by cold-chamber tests at this stage of development. The dif- 
ferences, however, in cold hardiness between Minturki and Kharkov 22 M.C. 
and between Cheyenne and Jones Fife were small. Yogo had the highest as- 
corbic acid content but it also had the shortest shoot length. Minturki and 
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Kharkov 22 M.C. were higher in ascorbic acid content than the less hardy 
varieties. Elgin, which is lowest in cold hardiness, was also lowest in ascorbic 
acid content. It has also had the longest shoots in this experiment, but its 
lower ascorbic acid content at corresponding shoot lengths is clearly shown in 
Fig. 1. It is evident that the ascorbic acid content of hardened wheat shoots is 
associated with varietal differences in cold hardiness. Since this ascorbic acid 
content is also closely associated with shoot length, it is further evident that 
the ranking of varieties may vary with differences in rate of growth during the 
hardening period and that comparisons must be made only with due considera- 
tion to shoot length. 
TABLE VII 


Ascorbic acid content in milligrams per gram fresh 
weight of shoots of six winter wheat varieties 
grown and hardened for 6 weeks at 1.5° C on 

the surface of moist vermiculite 














Coleoptile Ascorbic 
Variety length (mm) acid 
Minturki 20 . 736 
Kharkov 22 M.C. 26 .719 
Yogo 15 . 769 
Cheyenne 18 .687 
Jones Fife 26 .595 
Elgin 29 .535 
Discussion 


The ascorbic acid content of young winter wheat shoots grown at 1.5° C, a 
temperature at which cold hardening occurs, was much higher than that of 
shoots grown at higher non-hardening temperatures. It increased during the 
first 5 or 6 weeks of growth at 1.5° C and then decreased. This corresponds 
closely to the increase and decrease in cold hardiness under similar conditions 
of growth reported previously (1). The relative ascorbic acid content of six 
winter wheat varieties hardened under similar conditions corresponded well 
with their known cold hardiness. Artificial cold hardiness was imparted to 
winter wheat varieties by feeding them ascorbic acid solutions of adequate 
concentration. Although only limited data were obtained on the relationship 
between amount of ascorbic acid actually taken up by seedlings and their cold 
hardiness, the minimum ascorbic acid content of leaves required for artificial 
hardening appeared to be similar to that accumulated in sprouts hardened 
fully by growth at low temperature. No attempt was made to determine how 
much of the ascorbic acid taken up was metabolized to other compounds dur- 
ing the 24 hours prior to freezing and what effects this might have on cold 
hardiness. This limitation notwithstanding, the evidence presented above 
indicates that ascorbic acid metabolism is closely associated with the develop- 
ment of cold hardiness in wheat. Whether it has a direct or indirect role in this 
development remains a subject of speculation. 

Many workers (6) have found a similar correlation between sugar accumula- 
tion and frost hardiness. Perkins and Andrews (8) have shown that feeding 
sugars increases cold resistance in wheat. However, exceptions to the correla- 
tion between frost hardiness and sugar accumulation have been found (6) 
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and Perkins and Andrews (8) found that some sugars, notably galactose, did 
not increase cold resistance. It is possible that the. problems of sugar and ascor- 
bic acid accumulation in relation to cold resistance are closely connected since 
these compounds are related chemically and ascorbic acid is probably made 
from sugar in wheat plants. In view of the exceptions noted above, it seems 
unlikely that sugar or ascorbic acid acoumulation i is the only important factor 
in cold hardiness. 
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NEW GENES FOR RESISTANCE TO RACES OF OAT STEM RUST! 
J. N. WeEtsu, G. J. GREEN, AND R. I. H. MCKENZIE 


Abstract 


The inheritance in oats of reaction to some new races and to some well-known 
races of oat stem rust, Puccinia graminis Pers. f.sp. avenae Erikss. and Henn., was 
investigated in the crosses Jostrain X Eagle, Canuck Cherokee, and R.L. 
524.1 (Hajira X Banner) X Eagle. The resistance of the variety Jostrain to 
races 1, 3, 4, 13, and 13A was conferred by a single gene, here designated as the E 
gene in accordance with the practice of designating genes for stem rust resistance 
by capital letters. Canuck, a derivative of Jostrain, carries the new E gene and 
the previously identified B gene. The resistance of R.L. 524.1 to all races is con- 
ferred by two major genes and a modifying gene. One of the major genes acts like 
the weli-known B gene which confers resistance to all races except 6A, 7A, 8A, 
and 13A. The other major gene apparently is a new gene in oats for resistance to 
stem rust and is here designated the F gene. The F gene confers resistance to all 
races but a modifying gene is required along with it for resistance to race 7. 


Introduction 

During the past 3 years three new races (6A, 8A, and 13A) of oat stem rust, 
Puccinia graminis Pers. f. sp. avenae Erikss. and Henn., were identified from 
rust collections made in Eastern North America. Resistance in oats to all races, 
including these new races, was found in a number of Kherson and hulless strains 
(1), and in R.L. 524.1, a selection from the cross Hajira X Banner (3). White 
Russian and its derivatives are resistant to race 8A, while Jostrain and its 
derivatives, as well as Sevnothree, are mesothetic in reaction to race 13A. 

Stem rust resistance in oats is conferred by genes A, B, and D and possibly a 
fourth gene, C (5, 7). Gene A, possessed by Richland, confers resistance to 
races 1, 2, 3, 5, 7, 7A, and 12. Resistance to races 1, 2, 3, 5, 7, 12 and to races 
4, 6, 8, 10, 11, 13, possessed by Hajira and its derivatives, was thought to be 
conferred by two closely linked genes B and C, respectively, but recent results 
of Welsh and Green (unpublished) indicate that resistance to both groups of 
races may be conferred by a single gene, designated the B gene in this report. 
Gene D, possessed by White Russian and its derivatives, confers resistance to 
races 1, 2, 5, 8, 8A, 10, and 11. 

The purpose of this paper is to report on studies made to identify the genes 
for stem rust resistance in the oat variety Jostrain, its derivative Canuck, and 
in R.L. 524.1, a selection from R.L. 524. 


Materials and Methods 

The varieties used as parents in these studies, together with their seedling 
reaction to 16 races of stem rust, are shown in Table I. The ancestry of the 
varieties is as follows: Jostrain—a selection from Joanette; Canuck—from the 
cross Hajira X Jostrain; Cherokee—from the cross D69 X Bond; R.L. 524.1— 
a selection from R.L. 524 (Hajira X Banner); Eagle—from the cross Victory X 
von Lochow’s Yellow; Victory—a selection from the German variety Milton. 

1Manuscript received November 28, 1960. 


Contribution No. 79 from Canada Department of Agriculture, Research Station, Winnipeg, 
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TABLE I 
Reaction of parental varieties to races of stem rust 








Physiologic race 








Varieties 1 a. & #@) 2-8 8 10 11 12 13 6A 7A 8A 13A 
Jostrain ae Te ee ao ee ee a ee oe ee ee ae ee 
Canuck . ff. oo ne on aA km E £2. 2 2 Ss 
Cherokee oe oe oe es ee ee. oe ee eee a 
R.L. 524.1* en nk & x Rk. gS 2 Ef. Re RR 
Eagle a Se oe te at oS Se ee ee ie ee ee ee 
Victory Se ie ee ee ee ee a ee 





*Races 6A, 8A. and 13A produced a 2 to 2+ type infection and race 7A a 3— type on R.L. 524.1. Other races 
produced a 1 to 1+ type pustule. 


Inheritance of reaction was studied in the crosses Jostrain X Eagle, Canuck 
x Victory, Canuck X Cherokee, and R.L. 524.1 X Eagle. 

Inheritance studies were carried out with random F; lines in the greenhouse. 
The reaction of each line to individual races was determined by planting about 
25 seeds in a 4-inch pot and inoculating the plants in the seedling stage. 

The rust cultures were obtained from the annual Canadian physiologic race 
survey. 

Rust reactions were recorded according to the method described for wheat 
stem rust by Stakman et al.? Infection types 1, 2, 3—, and type X, a mesothetic 
reaction in which resistant and susceptible infections appear on the same leaf, 
indicate resistance (R) and types 3+ and 4 susceptibility (S). 

The present investigations have revealed the existence of genes E and F 
and a modifying gene. Data on the E gene were presented by Welsh and Green 
(6) at the 10th International Congress of Genetics in 1958, but until the present, 
supporting data have not been published. 


. Evidence for the E Gene 

The variety Jostrain produces a mesothetic reaction to race 13A and several 
other races, and becomes more susceptible when temperatures are higher than 
usual. The inheritance of this type of reaction was studied in the crosses 
Jostrain X Eagle, Canuck X Cherokee, and Canuck X Victory. 
Jostrain X Eagle 

Approximately 100 F; lines were inoculated with races 1, 3, 4, 13, and 13A 
during the spring of 1959. Table II gives the rust classes and the goodness of fit 
to a 1:2:1 ratio for each of the five races. Lines which gave resistant, segregat- 
ing, or susceptible reactions to one race gave a similar reaction to the other 
races indicating that the same gene conferred resistance to all five races. This 
gene has already been designated the E gene (6). The rust reactions of nine 
representative lines from this cross are shown in Table III. 


Canuck X Victory 
Additional evidence for the existence of the E gene was observed in the 
Canuck X Victory cross. Canuck has the B gene for resistance to races 5, 7, 8, 


*Bull. E-617, U.S.D.A., Agr. Research Administration, Bureau of Entomology and Plant 
Quarantine, 1944. 
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and 11, and is assumed to have the E gene for resistance to races 5 and 11. 
Victory, on the other hand, is susceptible to all races. Seventy-five random F; 
lines were inoculated with races 5, 7, 8, and 11. Resistance to races 5, 7, and 8 
was controlled by a single gene, presumably the B gene, whereas resistance to 
race 11 was controlled by two genes, presumably B and E. Apparently the E 
gene did not confer resistance to race 5 under the conditions of the experiment. 


TABLE II 


Classification of F; families for reaction to five races of stem rust in the cross 
Jostrain X Eagle and goodness of fit to a 1:2:1 ratio 








Number of families 








Race Resistant Segregating Susceptible P value 
1 17 56 21 .10-.20 

3 20 56 20 .20—.30 

4 18 50 22 .30-.50 
13 15 58 23 .05-.10 
13A 16 58 24 .05-.10 








TABLE III 


Reaction of parental varieties and representative F; lines to five races of stem rust 
in the cross Jostrain K Eagle 











Races of stem rust 








F, plant erence ere 
No. 1 3 4 13 13A 
Jostrain R R R R R 
Eagle S S S S S 
65 R R R XR R 
66 R R R R R 
41 Seg Seg Seg Seg Seg 
42 Seg Seg Seg Seg Seg 
46 Seg Seg Seg Seg Seg 
47 Seg Seg Seg Seg Seg 
34 S S S S S 
36 S S S S S 


Canuck X Cherokee 

Tests with the progeny of this cross provide further proof of the existence of 
the E gene. This cross is of additional interest because Cherokee possesses the 
D gene that confers resistance to races 1, 2, 5, 8, 8A, 10, and 11. A minimum of 
80 random F; lines was inoculated separately with races 1, 2, 4, 6, 7, 8, 8A, 10, 
11, 13, and 13A. The F; rust classes for each race together with the Chi-square 
and P values (Table IV) indicate that three genes govern resistance to races 1, 
10, and 11. Apparently the three genes conferring resistance to these races are 
B, D, and E. The reactions to races 2 and 8 were controlled by genes B and D, 
and those to race 4 by genes B and E£. Resistance to the other races was con- 
trolled by one of three genes; races 6, 7, and 13 by the B gene, 8A by the D 
gene, and 13A by the E gene. Although the E gene controls resistance to race 
13 it was ineffective in these tests in conferring resistance to this race. 
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TABLE IV 


Rust reactions of porantes varieties to stem rust races grouped according to the genes conferring 
resistance; also the F; rust classes and tests of significance in the Canuck X Cherokee cross 











Gene B D E 

Races 123357 468101113 12588A1011 1411(351012 13 13A ) 
Canuck R S R x 
Cherokee S R S S 











F; rust classes and tests of significance 








Race R Seg S Ratio P value 
1 141 45 4 63:1 .50-.70 
10 102 84 5 37:26:31 .20—.30 
11 91 66 5 37:26:1 .20-.30 
2 35 55 8 7:8:1 .20-.30 
4 27 49 8 7:8:1 -05-.10 
8 58 78 13 7:8:1 .20-.30 
6 21 59 19 13234 .10—-.20 
7 29 86 35 22334 .10-.20 
8A 26 41 27 be by | .30-.50 
13 23 57 15 Be £4 | -05-—.10 
13A 18 54 21 ee os | .20—-.30 





Evidence for the F Gene 

R.L. 524.1 X Eagle 

During the fall of 1959 and the spring of 1960, 155 random F; lines from the 
cross R.L. 524.1 & Eagle were inoculated with races 1, 2, 3, 4, 6, 7, 8, 10, 11, 
13, 6A, 7A, 8A, and 13A. The infections were good, on the whole, although with 
some races a number of lines had to be omitted owing to poor germination or 
an insufficient amount of seed. An examination of the data revealed that the 
resistance to races 6A, 7A, 8A, and 13A (hereafter referred to as the ‘‘A’”’ 
races) was controlled by a single gene, designated F in this paper, which pro- 
duced a 2 to 3— infection type. In the segregating lines the susceptible class 
was larger than the resistant, indicating that this gene is recessive. Resistance 
to races 1, 2, 3, 4, 6, 7, 8, 10, 11, and 13 (hereafter referred to as ‘‘other races’’) 
was controlled by two major genes; one is the F gene, which confers resistance 
to all races, the other gene is dominant and acts like the B gene. Resistance 
to race 7 is controlled by the F gene only in the presence of a modifying gene. 

Data on the inheritance of reaction to the two groups of races and to race 7 
are given in Table V. One hundred and eight lines were inoculated with the A 
races. A good fit to a 1:2:1 ratio is indicated by a P value of .10—-.20. One 
hundred and ten lines were inoculated with races 1, 2, 3, 4, 6, 8, 10, 11, and 13 
and a good fit to a 7:8:1 ratio was obtained as shown by a P value of .20-.30. 
One hundred and twenty-nine lines were inoculated with race 7. In this case a 
good fit to a 19:38:7 ratio was obtained (P = .20-.30) indicating that three 
genes were involved. 

An appraisal of the foregoing data indicates that there are three genes in 
R.L. 524.1 that are responsible for the reaction to the 14 races studied. There 


' 
' 


PLATE I 


ll 


EAGLE UNE I3i LINEI29 RL5244 


B 


CHEROKEE LINE | LINE 50. CANUCK. 


Fic. 1. Seedling reactions of parental varieties and two representative F; lines to race 
13A. (A) From the cross Eagle X R.L. 524.1; the resistance of line 129 is conferred by the 
F gene. (B) From the cross Cherokee X Canuck; the resistance of line 50 is conferred by the 
E gene. 
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is one dominant gene for resistance to races 1, 2, 3, 4, 6, 7, 8, 10, 11, and 13 
which acts like the well-known B gene, and a second gene, designated F, that 
controls resistance to all races. In addition, there is a modifying gene which is 
required along with the F gene for resistance to race 7. 

The type of resistance conferred by the E and F genes is illustrated in Fig. 1. 


TABLE V 


Inheritance of seedling reaction to 14 races of oat stem rust in the 
F; of the cross R.L. 524.1 & Eagle 














Ratio Rust class Observed Calculated Chi-square P values 
Reaction to races 6A, 7A, 8A, 13A (‘‘A”’ races) 
1 R 19 27 
2 Seg 56 54 3.77 .10-.20 
1 S 33 27 
Reaction to races 1, 2, 3, 4, 6, 8, 10, 11, 13 (other races) 
7 R 45 48.12 
8 Seg 60 50.00 2.71 .20-.30 
1 S 5 6.88 
Reaction to race 7 
19 R 30 38.30 
38 Seg 86 76.60 3.03 .20-.30 
7 S 13 14.10 
Discussion 


The investigations reported here extend our knowledge of the genes respon- 
sible for stem rust resistance in oats. The genes designated E and F in this 
report differ in several respects from the already designated A, B, and D genes. 
The E gene confers high resistance to some races and a mesothetic reaction to 
other races, whereas genes A and B confer high resistance and gene D moderate 
resistance to all races against which they are effective. The F gene, which 
confers moderate resistance, was recessive in these studies whereas all the other 
genes are dominant. 

There is no evidence that any of the five genes for resistance to oat stem rust 
are allelic. The A and D genes, once believed to be allelic, have been combined 
(4) indicating that they are closely linked and not alleles. Genes B, D, and E 
in the Canuck X Cherokee cross, and genes B and F in the R.L. 524.1 &K Eagle 
cross, appear to be inherited independently. However, there is no information 
available as to whether gene F is inherited independently from genes A, D, 
and E. 

The resistance of the variety R.L. 524.1 breaks down at high temperatures 
(3) and in this investigation the resistance conferred by the F gene was reduced 
in periods of warm weather. Nevertheless, the reactions of segregating popula- 
tions were determined without difficulty during the late fall and early spring. 
Because of this ‘‘high temperature breakdown”’ of resistance, the F gene, like 
the B gene, may be more useful to oat breeders in cool regions than to those in 
warm areas. 

Browning and Frey (2) reported on a gene or genes in the oat varieties C.]. 
2710, C.I. 3030, and C.I. 3031 which conferred resistance to oat stem rust 
races 6, 7, 7A, and 8. There are certain similarities between their gene and gene 
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F reported on in this study. Both genes are recessive and the resistance con- 
ferred by each appears to break down when plants are maintained at high 
temperatures. Moreover, the gene in both studies appears to confer less 
resistance to race 7A than to the other races. Possibly the gene found in R.L. 
524.1 is the same as that reported on by Browning and Frey (2). 


~- Ww NH 
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FUNGICIDAL ACTION AS AFFECTED BY INTERACTION OF 
NICKEL CHLORIDE, NABAM, ZINEB, AND 
ZINC SULPHATE' 


F. R. ForsytaH AND C. H. UNwINn 


Abstract 


Protectant fungicidal action of mixtures of nabam, zineb, nickel chloride, and 
zinc sulphate was evaluated by means of a “‘microbeaker method” and the slide 
germination method, using as test organisms the fungi causing leaf rust of wheat, 
crown rust of oats, early blight of tomatoes, and brown rot | peaches. All of the 
fungicides tested were more effective against the two rusts than against the 
organisms causing early blight and brown rot. The relatively insoluble nickel 
ethylenebisdithiocarbamate was much less effective than the other chemicals 
tested. Ratios (w/w) of nickel chloride hexahydrate to zineb around unity and to 
nabam plus zinc sulphate from 2-10 to 1 showed an unfavorable effect on fungi- 
toxic activity against urediospores of P. recondita. The ratio showing greatest 
antagonism varied, depending on the test organism used and whether or not tank- 
mix or wettable powder zineb was used. The formation of nickel ethylenebis- 
dithiocarbamate in the aqueous solution and its low fungicidal activity adequately 
explain the results obtained. 


Introduction 

Nickel salts have been tested alone and with zineb as protective and eradica- 
tive fungicides against leaf rust (Puccinia recondita Rob. ex. Desm. f. sp. 
tritict) and stem rust (Puccinia graminis (Pers.) f. sp. tritici Eriks. and Henn.) 
of wheat (6) and (7). Callbeck (3) has tested a mixture of nickel and zinc 
ethylenebisdithiocarbamates as a protective fungicide against late blight of 
potatoes (Phytophthora infestans (Mont.) De By.). Promising results were 
obtained in these tests. However, the solutions used were complex, containing 
more than one fungicide. In addition, when more than one metal ion was 
present there was the possibility of replacement of one metal by another in the 
organic complex. For example, Eckert (4) has determined the relative affinities 
of various metals for the diethyldithiocarbamate ion. Any metal to the right 
of another in the series Mn, Fe, Ni, Cu will replace it rapidly in the organic 
complex with diethyldithiocarbamate. This replacement is frequently com- 
pleted within 15 minutes. Regenass ef al. (12) studied the kinetics of exchange 
reactions with the Zn, Ni, Co, and Cu complexes of N,N-di--propyl-dithio- 
carbamate (R) in acetone solution. They showed that the reaction ZnR, + 
Nit+ =@Znt+ + NiR, proceeded rapidly to equilibrium far to the right. Lafon 
and Couillaud (8) claim that when zineb and cupric acetate are mixed and water 
added, considerable amounts of cupric ethylenebisdithiocarbamate are formed. 

Since nickel ethylenebisdithiocarbamate is so insoluble in water it would be 
expected to precipitate from an aqueous mixture of nickel chloride and either 
zinc ethylenebisdithiocarbamate (zineb) wettable powder or tank-mix. The 
loss of nickel and zineb should decrease the fungicidal activity of the solution. 
The study reported here was undertaken to assess the effect of the chemical 

‘Manuscript received May 20, 1960. 

Contribution No. 180, Pesticide Research Institute, Canada Department of Agriculture, 
University Sub Post Office, London, Ontario. 
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interaction of nickel chloride, nabam, zineb, and zinc sulphate on the fungicidal 
activity of an aqueous solution of these chemicals. 


Methods 

Fungicidal activity was determined by the slide-germination method essen- 
tially as described by the American Phytopathological’ Society, Committee 
on Standardization of Fungicidal Tests (1, 2), using Monilinia fructicola 
(Wint.) Honey and Alternaria solani (E & M) Jones and Grout. Leaf rust of 
wheat (Puccinia recondita) and crown rust of oats (Puccinia coronata Corda f. 
sp. avenae Eriks. and E. Henn.) were used as test organisms also but, since 
erratic results were obtained with rust urediospores in the slide germination 
method, a “‘microbeaker method”’ was devised. One-milliliter aliquots of test 
fungicide solutions were placed in microbeakers? set closely on a glass plate and 
covered with a bell jar. The pH of the distilled water for the checks was adjusted 
to 7.4 with dilute NaOH. Approximately 3 mg of rust urediosj ores were 
puffed by air from a rubber bulb, through a 9 mm bore glass tube drawn to 1 
mm diameter at the end and fitted through a rubber stopper in the center of the 
glass plate. The spores were allowed 15 minutes to settle on the surface of the 
liquid in the beakers. The beakers were then removed from the bell jar and 
placed in a large Petri dish to prevent rapid evaporation of water. After 3 
hours the percentage germination of the spores was determined by examining 
100 spores. Whenever the length of the period for counting the spores exceeded 
4 hour all of the microbeakers were placed in a refrigerator at 3° C after the 
3-hour period of germination, and were removed at intervals for counting. 
Refrigeration slowed the rate of elongation of the germ tubes facilitating the 
count of germinated spores. In all instances a spore was considered to have 
germinated if the length of the germ tube exceeded that of the largest diameter 
of the spore. 

The nabam used in these tests was a commercial sample containing 28.6% 
nabam hexahydrate (by ultraviolet absorption analysis). The zineb was a 
100% sample prepared by Dr. G. D. Thorn of this’ laboratory. Mallinckrodt 
Analytical Reagent nickel chloride hexahydrate and Merck Reagent zinc 
sulphate heptahydrate were used. 

The interaction of the chemicals was expected to be rapid (4, 12). Because 
concentrated reactants would favor a speedy reaction and could result in 
increased error in the subsequent dilution, the components of the mixtures 
were diluted before they were combined. For example, the zineb and nickel 
chloride hexahydrate solutions were diluted separately and then added to- 
gether in the proportions indicated on Figs. 1-4. Whenever nabam and zinc 
sulphate were used in combination with nickel, the nickel and zinc solutions 
were combined and added together to the appropriate amount of nabam. This 
method allowed each metal ion the same time to react with the ethylenebis- 
dithiocarbamate ion, 

Results 


Dosage response lines for the fungicidal mixtures and the four test organisms 
are presented in Figs. 1—4. 


2Microbeakers (10 mm Cymater 7 Pe - mm in height) were obtained from R. P. Cargille & 
Co., 118 Liberty St., New York 6, 
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Monilinia fructicola as the Test Organism 

Figure 1 (upper part) gives the fungitoxic activity of zineb solutions con- 
taining 5-, 10-, 20-, 40-, 80-p.p.m. nickel chloride hexahydrate (NCH). 
Regression lines for NCH and zineb alone are also shown. NCH alone at 80 
p.p.m. caused only 92% inhibition whereas zineb concentrations of 25 p.p.m. 
and over caused 100% inhibition. When 80-p.p.m. NCH was combined with 
12.5-p.p.m. zineb, concentrations of nickel and zineb which by themselves 
would cause 92 and 90% inhibition respectively, there was only 78% inhibition. 
As the amount of NCH was reduced (40, 20, 10, and 5 p.p.mh.) there was less 
and less inhibition of spore germination for any one level of zineb. There was a 
marked increase in activity in all solutions containing both NCH and zineb at 
levels of zineb above 12.5 p.p.m. Since at levels of zineb above 12.5 p.p.m. all 
of the nickel would have combined with ethylenebisdithiocarbamate, the zineb 
would be the predominantly active component of the solution. At levels of 
zineb below 12.5 p.p.m. there is an obvious interference in the inhibitory 
activity of zineb by the NCH and of the activity of NCH by the presence of 
zineb since the percentage inhibition of the mixtures with less than 12.5 p.p.m. 
zineb never reached that expected of the nickel component alone. 

The 10-, 20-, and 40-p.p.m. NCH lines show little or no change in slope from 
0.78- to 12.5-p.p.m. zineb, indicating negligible change in inhibitory activity 
of the solutions as the zineb concentrations are increased in that region. 
However, the slopes of the 5 and 80 p.p.m. NCH lines indicate a steady increase 
in inhibitory activity of the solutions as the zineb content is raised from 0.78 to 
12.5 p.p.m. 

The lower part of Fig. 1 shows the fungicidal activity of tank-mix zineb 
(nabam plus zinc sulphate) in the presence of nickel chloride. Nabam (disodium 
ethylenebisdithiocarbamate hexahydrate, M.W. 364) and zinc sulphate 
heptahydrate (M.W. 287.6) were present in equal parts pér million at each 
point on the abscissa. This allowed a considerable excess of zinc and should 
have ensured that no free ethylenebisdithiocarbamate ions were present. The 
nabam, used alone, was the most effective inhibitor. Zineb (tank-mix) alone 
was next, followed in order by 10-, 80-, 40-, 20-p.p.m. NCH in'the presence of 
nabam plus zinc sulphate. There was an obvious reduction in effectiveness of 
the zinc sulphate — nabam mixture in the presence of nickel. The 10- and 
20-p.p.m. NCH caused complete neutralization of the fungicidal activity of the 
tank-mix zineb prepared from 12.5-p.p.m. nabam and 12.5-p.p.m. zinc sulphate. 
There was a break in the 40-p.p.m. nickel line at 6.25-p.p.m. nabam — zinc 
sulphate with a subsequent recovery of fungicidal activity at the reduced 
levels of nabam and zinc sulphate. The 80-p.p.m. nickel line showed a break 
and a recovery to higher fungicidal activity as the amount of nabam and zinc 
sulphate were reduced. The bimodal nature of the nickel plus tank-mix zineb 
lines is more obvious than it was when the zineb wettable powder was used. 


Puccinia recondita as the Test Organism 

Dosage-response lines for the fungicidal mixtures containing NCH and zineb 
are presented in the top part of Fig. 2. Solutions of the single salts nabam, 
zineb, and NCH were included as references. 

NCH at 5 p.p.m. caused approximately 70% inhibition of germination of leaf 
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Fic. 1. Dosage-response lines for various combinations of nickel chloride and zineb 
wettable powder (top) and nickel and tank-mix zineb (below) using spores of M. fructicola. 










99-99 


FORSYTH AND 


} 
® 


UNWIN 


: FUNGICIDAL ACTION 


} 
a 


} 
a 





INHIBITION 
x eo © © 
o oO °o wo 
T T T T 


vwedewcoa 
ooo°o 
a mete ee 
\ 

‘\ 


PERCENTAGE 
- © 
eo oO °o 
pony T 
\ 
\ 


n 
T 


OF 


0-01 Lu iu 


i rl 


L 


4 
g 





axiflnaii 


4 


1 Ricoh 


Cae 











-0045 “009 


99-99 


“O19 0 


39 “078 


156 


CONCENTRATION OF 


4 


“312 
ZINEB — p.p.m. 


i 


625 25 


25 


523 





INHIBITION 


PERCENTAGE 








oo! " 4 


1 


1 


A 


A 


fe) 


= 


4 


A 





4 








“O19 


-039 


CONCENTRATION 


-078 


“156 


wale 
OF ZnSO4-7H20 & 


“625 


+25 


25 


NABAM — p.p.m. 


10 


20 


Fic. 2. Dosage-response lines for various combinations of nickel chloride and zineb 
wettable powder (top) and nickel and tank-mix zineb (below) using spores of Puccinia 


recondita. 








524 CANADIAN JOURNAL OF BOTANY. VOL. 39, 1961 





99F 
98+ 





INHIBITION 
an 
oo 





wn wsa 
ooo 
— 


PERCENTAGE 
o 
T 








o-0! rn 4 1 " n 1 4 4 J 


0156 0312 +0625 o-125 0-25 O-5 0 20 
CONCENTRATION OF ZINEB — p.p.m. 





99°99 





99} 1 


oO 
eo 
_ 


8 


80 


INHIBITION 


4 

a 
Oe’ 
| 
40 1 


20 





PERCENTAGE 


f-] 








1 
-0039 -0078 des 0312 0625 0-125 0-25 o-5 ro 
CONCENTRATION OF NABAM & ZnS04-7H20 — p.p.m. 





Fic. 3. Dosage-response lines for various combinations of nickel chloride and zineb 


wettable powder (top) and nickel and tank-mix zineb (below) using spores of Puccinia 
coronaia. 








RY 





FORSYTH AND UNWIN 





: FUNGICIDAL ACTION 





3 8 


} 
) 


$ 


6°25 p.p.m. 





z 


nN n nm 





i J 
+ 





2 4 





v 
625 125 
CONCENTRATION 


56 325 25 


oF 


v 
50 100 


ZINE B—p.p.m. 





99F 


J 
T 


PERCENTAGE INHIBITION 
nwsroaoxn eo © 
oooo0o0o 0 5 

\ 


eo 3 





& 1 4 x 


Co] 






s0e0r 


7 4 4 4 





7 
o-78 +56 3125 7 
CONCENTRATION 


Fic. 4. Dosage-res 


nt. 


+ 
25 50 200 
OF ZnSOq:TH2O0 & NABAM — p.p.m, 


nse lines for various combinations of nickel chloride and zineb 
— powder (top) and nickel and tank-mix zineb (below) using spores of Alternaria 





34125 p.p.m. 


ZnSO4°7H20 & NABAM 








526 CANADIAN JOURNAL OF BOTANY. VOL. 39, 1961 


rust urediospores. When 5-p.p.m. NCH was combined with zineb at concentra- 
tions less than 2.5 p.p.m. there was little reduction in effectiveness of the nickel 
solution although there was a maximum at 0.156 p.p.m. Combining 2.5-p.p.m. 
NCH with a series of zineb concentrations caused a marked reduction in the 
fungicidal activity of the solutions. This reduction was greatest at 2.5 p.p.m. 
zineb (15% inhibition compared with 35% with 2.5 p.p.m. NCH alone) and 
decreased to 0.039 p.p.m., at which point there was a change in direction of the 
dosage-response line with reduced activity at 0.019-p.p.m. zineb. When 
1.25-p.p.m. NCH was used with a series of zineb concentrations there was an 
obvious counteraction of the fungicidal activity of the zineb by nickel. 

The lower part of Fig. 2 shows the fungicidal activity of the solutions 
prepared by mixing zinc sulphate and NCH with nabam. A 20-p.p.m. solution 
of NCH caused 85% inhibition. The addition of 20-p.p.m. NCH to the nabam 
and zinc sulphate did not materially alter the effectiveness of the nabam plus 
zinc sulphate. The 10-p.p.m. NCH line took the form of an inverted ‘‘V” with 
the break at 0.078-p.p.m. nabam plus zinc sulphate. This form of line indicates 
that as the amount of nabam plus zinc sulphate was reduced from 1.25 to 
0.078 p.p.m. there was decreased interference by NCH with the activity of 
nabam plus zinc sulphate. The 2.5- and 5-p.p.m. nickel lines indicate a marked 
counteraction of the activity of the nabam plus zinc sulphate by NCH. 


Puccinia coronata as the Test Organism 

Figure 3 illustrates the fungicidal effectiveness of nabam, zineb, NCH, and 
nickel—zineb mixtures against crown rust of oats. There are values of percentage 
inhibition above and below the zineb reference line. The values above the zineb 
line, for example, all but two of the points on the 2-p.p.m. nickel line, indicate 
an additive effect of these two fungicides. The values below the zineb line 
indicate a loss of fungicidal effectiveness of the mixture caused by the presence 
of nickel. More than one break occurs in most of the lines and they can best be 
described as polymodal. 

The lower part of Fig. 3 shows the interaction of tank-mix zineb and NCH. 
The nabam plus zinc sulphate line is the one to be compared with all others in 
this part. The presence of 1-p.p.m. NCH reduced the fungicidal activity of 
0.25- and 0.125-p.p.m. nabam plus zinc sulphate but as the concentration of 
these two compounds was further decreased the presence of the nickel caused 
approximately the same inhibition as that found when the nickel was used 
alone. The other concentrations of nickel 0.5, 0.25, 0.125 p.p.m. all reduced the 
effectiveness of the nabam plus zinc sulphate solutions but at certain points 
the fungicidal activity of the mixture was greater than that of the nickel 
chloride by itself. 


Alternaria solani as the Test Organism 

Figure 4, upper part, contains the results of fungicidal tests of zineb, NCH, 
and NCH-zineb mixtures against A. solani. This test was interesting in that it 
showed how similar in activity the NCH and zineb solutions were when used 
singly against this organism. The fungicidal activity of the zineb was reduced 
in the presence of nickel, complete inhibition occurring with a ratio of one part 
NCH to four parts zineb. Increasing the amount of nickel relative to zineb 
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caused a recovery of activity. This would probably be due to the fungicidal 
action of the nickel ions in excess of that required to react with the available 
ethylenebisdithiocarbamate ions. 

The lower part of Fig. 4 shows the results of fungicidal tests of nabam, NCH, 
zinc sulphate, and combinations of these chemicals. The zinc sulphate was 
slightly more effective than the nabam plus zinc sulphate in inhibiting germina- 
tion of conidia of A. solani. It was quite similar to nickel chloride in 
effectiveness. 


Fungicidal Activity of Nickel Ethylenebisdithiocarbamate 

The results of Eckert (4) and Regenass (12) suggested that nickel ethylene- 
bisdithiocarbamate would be an early reaction product of the fungicidal 
mixtures of nickel and zineb (wettable powder or tank-mix). A dosage—response 
study was made to compare the activity of laboratory prepared nickel 
ethylenebisdithiocarbamate with the components of the fungicidal mixtures 
under study. Table I shows the EDs values for many of the fungicide—- 
organism combinations used. The values for nickel ethylenebisdithiocarbamate 
were greater than 200 p.p.m. for three of the test organisms and were much 
higher than the values for the chemicals applied in the original test solutions. 

Table I and the results reported in Fig. 1-4 indicate that there are three 
distinct types of reaction to zineb and NCH displayed by the four organisms 
under study. M. fructicola was more sensitive to NCH than to zineb, P. 
recondita and coronata were more sensitive to zineb than to NCH, and A. solani 
was about equally sensitive to the two above-mentioned fungicides. 


TABLE I 
EDvyo of the fungicides under test against the four test organisms 











Parts per million of: 











Monilinia Puccinia Puccinia Alternaria 

Fungicide fructicola recondita coronata solani 
Nickel chloride hexahydrate 18.7 .80 3.50 50.0 
Nabam hexahydrate 4.6 -06 .02 10.0 
Zinc sulphate heptahydrate 70.0 _— 2.50 22.1 
Zineb 41.5 Pe -16 42.0 
Nabam plus zinc sulphate heptahydrate 12.5 — .004 a 
Nickel ethylenebisdithiocarbamate >200 7.2 >250 >400 

Discussion 


The results showed many examples of antagonism between the nickel and 
zineb (wettable powder or tank-mix) when the two fungicides were present in 
the same fungicidal solution. Maximum antagonism would have been expected 
when the solution was equimolar for NCH and zineb or nabam. Combinations 
of 5-p.p.m. NCH with 5.7-p.p.m. zineb or to 7.6-p.p.m. nabam (equimolar) 
and multiples of these would have been expected to show maximum antagonism 
if other factors were not operating. However, as Miller et al. (10) have pointed 
out “the specificity of fungicides, which is becoming increasingly evident as 
more fungicidal materials are being discovered, is therefore the result of a 
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combination of differences in the quantity of toxicant taken up by spores of 
various species and differences in the effectiveness of the toxicant after being 
taken up.”’ An example from their work concerned the uptake of silver by four 
species of fungi, including M. fructicola. EDso values from 85 to 540 p.p.m. 
were obtained on a spore weight basis when the solutions contained only 
1.04 p.p.m. silver. Thus the spores of several species of fungi are known to 
accumulate toxicants from dilute solutions. 

In the spore germination tests reported here, there were at least two factors 
at work to alter the relative proportions of free nickel and zineb in the solutions. 
Firstly, a chemical reaction of the type reported for other carbamates (4, 8, 12) 
would be expected to cause precipitation of a considerable amount of the nickel 
and the ethylenebisdithiocarbamate ions as the comparatively inactive nickel 
ethylenebisdithiocarbamate. Secondly, there could be a differential rate of 
uptake of nickel and of zineb by the spores in question. Miller et al. (11) 
showed that when spores of certain fungi are exposed simultaneously to more 
than one toxicant, uptake of each proceeds with little or no interference from 
the presence of the other provided that they are not competing for the same 
receptor sites. The rate of uptake of ferric dimethyldithiocarbamate and of 
silver was shown by these workers (10) to be so rapid that approximately 50% 
of the total uptake of the toxicant possible occurred within 1 minute after 
exposure of the spores (of various species) to a solution of the toxicant. 

It is not surprising then to find that whenever approximately equimolar 
concentrations of zineb-wettable powder and NCH were used there was not 
always maximum antagonism shown. The maximum antagonism could only 
be expected if the chemical reaction in the external solution was able to proceed 
to completion. The spores, by accumulating one or both of the toxicants from 
solution, could lessen the total possible extent of the reaction in the solution 
external to the spores. The fact that antagonism was obvious in so many 
instances is a good indication of the rapidity of the reaction between NCH and 
zineb or nabam. 

Nickel salts plus zineb-wettable powder at rates of 1 Ib NCH to 1 or 1} 
Ib zineb 65% wettable powder per acre have been used successfully in field 
tests as combined protective and eradicative fungicides (7) against leaf rust of 
wheat. This is a ratio of approximately 1 part NCH to 0.65 and 0.97 parts 
zineb respectively. These ratios both showed an unfavorable interaction in the 
laboratory studies with P. recondita reported in this paper. Ratios proving to 
be more favorable in these tests against spores of P. recondita were 32 (Fig. 2, 
(5 p.p.m. NCH/0.156 zineb) ) and 64 (Fig. 2, (2.5 NCH/0.039 zineb) ) to 1 part 
zineb-wettable powder. That a high content of nickel relative to zineb was more 
effective than equal parts of each is not surprising since a ratio of 1 to 1.15 
would allow theoretically complete conversion of all zineb to inactive nickel 
ethylenebisdithiocarbamate and mixtures containing ratios of 32 and above 
would be active as protective fungicides in the laboratory tests because of an 
excess of nickel ion. 

There would appear to be an anomaly between the results of the laboratory 
and field tests since in the latter case a ratio of 1 to 1.15 (NCH to zineb- 
wettable powder) gave considerable success. However, the success of the field 
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tests (7) depended on both protective and eradicative action, the former 
apparently provided by the zineb and the latter by the nickel. On the other 
hand the tests reported here involved only the type of inhibition of spore 
germination to be expected from protective fungicidal action. Furthermore 
these were short term experiments. The solutions were 3 hours old at the end 
of the experiment when the rust urediospores were used and 18 hours old when 
spores of the other two test organisms were used. Both of these periods of time 
are short in relation to the life of the fungicide on the leaf surface but long in 
relation to the periods of time found by Eckert (4) and Regenass et al. (12) to 
allow complete replacement of zinc by nickel in the organic compound. The 
fact that the spray deposits dried rapidly on the leaf surfaces after application 
in the field, thus reducing the amount of time available in which chemical 
reaction could occur, is a further complicating factor to be considered in a 
comparison of laboratory and field tests. 

The equivalent of 0.75-1.0 lb per acre of NCH, applied alone, appears to be 
necessary to produce the dark ring of discolored tissue around the rust infection 
so characteristic of eradicative action of nickel. This high requirement for free 
nickel ions would explain the failure of disodium nickel ethylenediaminetetra- 
cetic acid to be a successful protective or eradicative fungicide (5). The fact 
that ratios of nickel to zineb showing disadvantageous results in laboratory 
studies of protective fungicidal action were successful in providing eradicative 
action in the field indicates that a large part of the nickel applied with the zineb 
wettable powder was free to act as an eradicant. 

The results of the laboratory tests suggest that the tank-mix method of 
preparation of nickel—zineb combinations, wherein the nabam is added to 
aqueous solutions of nickel and zinc salts, would not be advantageous because 
the eradicative value of free nickel would be vitiated by the preferential com- 
bination of this metal with nabam to form the highly insoluble nickel 
ethylenebisdithiocarbamate. On the other hand, when nickel chloride is 
sprayed in combination with previously prepared zineb (wettable powder), 
the time interval necessary for complete displacement of the zinc in zineb by 
nickel should permit the nickel to display its eradicative fungicidal action. 
Although the examples discussed here are drawn from the results of the use of 
NCH and zineb mixtures as fungicides against leaf rust of wheat the basic 
principles involved would be essentially the same if these chemical treatments 
were used against the organisms causing crown rust of oats, early blight of 
tomatoes, brown rot of peaches, and others. 

It is realized that fungicides are dried and wetted several times after applica- 
tion to the leaf, and that continued breakdown of the carbamates occurs in 
aqueous solutions in the presence of heavy metal ions (9). The compounds 
formed initially and the ultimate fungicidal breakdown product may differ 
from the original fungicide in their reactions to metal ions. The history of these 
breakdown products in these rather complex fungicidal mixtures would be 
virtually impossible to ascertain. 

In summary, it is to be expected that when the carbamate fungicides are 
used in a solution containing more than one metal cation the one which is able 
to replace the others present (see Eckert’s complex stability series) will form 
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the predominant salt. When the predominant salt is one as insoluble and 
inactive as nickel ethylenebisdithiocarbamate there is likely to be a reduction 
in fungicidal activity of the solution. 
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THE INTERACTION OF THIRAM AND SPORES OF 
GLOMERELLA CINGULATA SPAULD. & SCHRENK.' 


LLoyp T. RICHARDSON AND G. D. THORN 


Abstract 


The reduction of thiram by microorganisms, observed qualitatively by 
previous workers, is shown to occur in the external solution with spores of 
Glomerella cingulata. Quantitative examination of the process indicates that in 
the absence eect ions there is no measurable uptake of either thiram or its 
reduced form, dimethyldithiocarbamic acid, by the spores. In the presence of 
copper ions, dimethyldithiocarbamate is lost from solution and fungitoxicity 
is increased. Evidence of uptake of copper dimethyldithiocarbamate by the 
spores is not conclusive, however, due to the formation of a precipitate. The exu- 
date from the spores in time solubilizes this precipitate with a concomitant 
reversal of fungitoxicity. A new technique, wherein a paper strip treated with a 
metal salt is laid at right angles to one treated with thiram or a dithiocarbamate 
on an agar sheet seeded with G. cingulata spores, has supplied corroboration of 
the hypothesis involving the two copper dimethyldithiocarbamate complexes 
in the bimodal dosage response of microorganisms to dithiocarbamate toxicants. 


Introduction 

Decomposition of thiram (bis(dimethylthiocarbamoyl) disulphide) in the 
presence of microorganisms has been reported by various workers. Sisler 
and Cox (16) detected carbon disulphide in the atmosphere over thiram 
solutions in which spores of Fusarium roseum were suspended. They postu- 
lated a two-step process in the decomposition of thiram, analogous to that 
described by Johnson and Prickett (6) for the decomposition of bis(diethyl- 
thiocarbamoyl]) disulphide, the first step being reduction of the thiuram to 
dithiocarbamate ions: 


cH $s ch 

betel «igt! gt’. 
i ad 

CH CH, CH 


Goks¢gyr (4) obtained spectrographic evidence of reduction of thiram to di- 
methyldithiocarbamate by yeast cells. Kaars Sijpesteijn and van der Kerk 
(7) studied the readily soluble sodium salt of dimethyldithiocarbamic acid 
(NaDDC) rather than the highly insoluble thiram, stating: “The active 
principle of both is the dimethyldithiocarbamate ion to which the disulfide 
TMTD is undoubtedly quickly reduced im vivo’’. 

Previous work at this laboratory (14) demonstrated that the rate of thiram 
degradation in soil is influenced by moisture and organic content. Soil per- 
fusion experiments subsequently showed that living microorganisms are 
involved in the disappearance of thiram from soil, and that the first step in 
this microbiological degradation is reduction of thiram to dimethyldithiocar- 
bamate (unpublished data). 

1Manuscript received January 10, 1961. 
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Bioassay, colorimetric, and spectrophotometric methods were used in the 
present study to follow the course of thiram degradation by spores of Glomer- 
ella cingulata Spauld. & Schrenk., the test organism for thiram assay by the 
paper disk method (12, 14). The effect of copper ions on the interaction of 
thiram or its reduced form with the spores was studied also in view of the 
implication of the two copper dimethyldithiocarbamate complexes in the 
phenomenon of bimodality as postulated by Goksgyr (3, 4) and Kaars 
Sijpesteijn et al. (9, 11). 

Methods 

Glass-distilled water was used exclusively in this work for culture media, 
spore suspensions, and chemical solutions to minimize the amount of extran- 
eous copper. 

Spores of G. cingulata were produced on potato dextrose agar in large 
culture plates (15). Requisite numbers of washed spores were suspended in 
phosphate buffer solution of pH 7.3. Desired amounts of fungicide were 
added to the flasks from stock solutions in water or ethanol. The mixtures 
were shaken continuously during the test period. At intervals, 10-ml aliquot 
samples were removed and centrifuged to isolate the spores. The spores were 
washed with water and then suspended in phosphate buffer and orange juice 
for viability determinations by the spore drop method. The ambient fluid 
from each sample was subjected to various determinations. Fungitoxicity 
was determined by the paper disk method with G. cingulata or the spore drop 
method with Monilinia fructicola. Ultraviolet absorption spectra were ob- 
tained with a Beckman DK 1 recording spectrophotometer. The procedures 
for colorimetric analyses of thiram and dithiocarbamate were adapted from 
those developed by Domar et al. (2) for quantitative determination of bis(di- 
ethylthiocarbamoyl) disulphide and its reduced form. Each sample was 
extracted with an equal volume of chloroform and the fractions separated 
by filtration through No. 1 Whatman filter paper. Cuprous iodide was added 
to the chloroform fraction and copper sulphate and sodium citrate to the 
aqueous fraction. Standard curves for thiram and for NaDDC were used to 
convert colorimeter readings to concentration in parts per million. 


Experimental Results 
Reduction of Thiram by Glomerella Spores 

Repeated assays of spore-treated thiram solutions by both paper disk and 
slide germination methods consistently indicated progressive loss of fungi- 
toxicity which varied with concentration of spores and time of exposure. As 
both the slope and the position of the thiram dosage response curve were 
affected by the presence of spores, a change in the chemical structure of the 
compound was suggested. 

An indication of the nature of this chemical change was found in the ultra- 
violet absorption spectra of thiram solutions exposed to spores. In Fig. 1A 
are shown curves obtained from 25-p.p.m. thiram solutions, before and after 
they were shaken for 30 minutes with 1, 2, 4, and 8 million spores/ml. The 
curve for NaDDC of equivalent molar concentration is shown for comparison. 
Figure 1B shows curves for thirarn solutions of the same concentration after 
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they were shaken with 1 million spores/ml for $, 2, 4, and 24 hours. These 
data support the hypothesis that Glomerella spores decompose thiram by 
reduction to dimethyldithiocarbamate ions. 

Confirmation of this reduction process was obtained from the colorimetric 
determinations. Figure 2 shows the loss of thiram and gain of dimethyldithio- 
carbamate, on a molar basis, with time of exposure to 1, 2, 4, and 8 million 
spores/ml. The broken line indicates the expected values for dimethyldithio- 
carbamate on the basis of the number of micromoles of thiram that were 
reduced. Since the determined values do not deviate significantly from the 
expected, all of the chemical added can be accounted for in the external 
solution in one form or the other at any stage in the degradation process. 
Thus no measurable loss of chemical through uptake by the spores could be 
demonstrated. 

Viability tests with spores removed from fungicide solutions at intervals 
showed that germination was not inhibited when thiram reduction was rapid. 
When thiram reduction was slower, germination was inhibited initially but 
later permitted. The antagonistic effect of spore exudate, described below, 
may be involved in this recovery of ability to germinate. 

Living Glomerella spores are capable of reducing a series of fresh thiram 
solutions when centrifuged and resuspended in them. The same batch of 
spores at a level of 8 million per ml diminished the concentration of thiram 
from an initial 25 p.p.m. to 1.5, 1.5, 4.5, and 7 p.p.m. in successive 30-minute 
exposures. 

Only viable intact spores are capable of reducing thiram under the condi- 
tions of these tests. Spores killed with propylene oxide, heated 5 minutes at 
60° C, or mechanically disintegrated caused no measurable reduction. The 
exudate produced by living spores, however, has some capacity to reduce 
thiram but the rate is much slower than when living spores are present. 
Whereas 8 million spores per ml completely reduced 25 p.p.m. thiram in 30 
minutes, the exudate released into water overnight by 50 million spores per 
ml achieved only 60% reduction of the same solution in 24 hours. 

Effect of Copper on Reduction, Uptake, and Toxicity 

Since neither thiram nor its reduced form was taken up by spores, the 
effect of Cut* ions on the uptake and toxicity of these compounds was ex- 
amined. For this purpose, varied amounts of copper sulphate was added to 
thiram and NaDDC solutions simultaneously with the introduction of spores. 
The presence of copper ions had no effect on the rate of thiram reduction. 
Dimethyldithiocarbamate did not accumulate in the solution but a reddish- 
brown precipitate formed. The question of what portion of copper dimethyl- 
dithiocarbamate was removed from solution by precipitation and centrifu- 
gation and what, if any, by spore uptake was not pursued. 

The effect of copper ions on the interaction of spores and NaDDC was 
investigated more extensively. In the absence of copper, there was no loss 
of NaDDC from a 20-p.p.m. solution shaken 8 hours with 1 to 16 million 
spores per ml. These spores suffered no loss of viability. Copper sulphate 
alone was readily taken up from solution by the spores. Low copper sulphate 
dosages stimulated germination whereas higher dosages caused inhibitions 
of the order indicated in Table I. 
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TABLE I 
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Uptake of copper sulphate by spores of Glomerella cingulata in 24 hours and its effect 


on their germination 











Uptake 





perrer 
CuSO, Spore dosage, by spores, Inhibition 
concn., concn., ug/million xg/million of germination,t 
p.p.m. millions/ml spores* spores % 
3.12 2 1.56 0.50 0 
4 0.78 0.38 0 
8 0.39 0.25 0 
16 0.20 0.12 0 
6.25 2 3.12 0.50 42 
4 1.56 0.25 32 
8 0.78 0.25 15 
16 0.39 0.31 0 
12.50 2 6.25 1.00 59 
4 3.12 0.62 48 
8 1.56 0.50 27 
16 0.78 0.34 14 
25.0 2 12.50 3.25 61 
4 6.25 0.88 56 
8 3.i3 0.70 49 
16 1.56 0.53 





*F rreah weight of 1 million spores = 0.283 mg (13). . 
tSpores resuspended in buffer and orange juice in drops on glass slides overnight. 
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Fic. 3. A: Colorimetrically determined loss of dimethyldithiocarbamate from 20- 
p.p.m. NaDDC solution combined with various concentrations of CuSO, during exposure 
to 8 million G. cingulata spores per ml. B: Same when exudate from G. cingulata spores 
was added at time of mixing. Numbers on curves indicate percentage inhibition of spore 


germination. 
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When spores were suspended in mixtures of NaDDC and copper sulphate, 
dimethyldithiocarbamate initially disappeared from solution (again spore 
uptake and coprecipitation were not differentiated) but with time reappeared 
in solution, as shown in Fig. 3A. Concomitant with this reversal of dimethyl- 
dithiocarbamate loss was a reversal of toxicity as indicated by the viability 
data shown in the same figure. 

A possible explanation of the reappearance of copper dimethyldithiocar- 
bamate in solution was found in the behavior of solutions tested colorimetric- 
ally for NaDDC. From NaDDC solutions not previously exposed to spores, 
all of the copper dimethyldithiocarbamate eventually settled out after the 
addition of excess copper sulphate or could be removed by filtration through 
ultrafine sintered glass. NaDDC solutions that had been shaken with spores, 
on the other hand, yielded no such precipitate and the yellow color of dis- 
solved cupric dimethyldithiocarbamate remained after filtration or long 
standing. Furthermore, filtrate from an aqueous suspension of spores prevented 
precipitation of copper dimethyldithiocarbamate when added to NaDDC 
solutions before copper sulphate, or dissolved precipitate already formed if 
added after the copper sulphate. 

The effect of additional spore exudate on uptake and toxicity of NaDDC 
and copper sulphate mixtures was investigated also. Filtrate from a suspension 
of spores shaken overnight in buffer solution was added, at the time of mixing, 
to the NaDDC - copper sulphate — spore combinations used for the experi- 
ment of Fig. 3A. The dimethyldithiocarbamate losses from solution and 
germination data are indicated in Fig. 3B. Precipitation and inhibition oc- 
curred only at the higher copper levels. Where the copper complex remained 
completely in solution no measurable amount was taken up by the spores 
and viability was not affected. 


Bimodal Dosage Response and Inversion Growth 

When spores of G. cingulata are used for assays of either thiram or NaDDC 
by the spore drop method, the bimodal nature of the dosage response charac- 
teristic of these compounds is clearly indicated. This inversion phenomenon 
is also evident when this organism is used for paper disk assays of the same 
compounds. The inhibition zone first appearing around a test disk is later 
divided by a band of inversion growth, as illustrated in Fig. 4. Similar fungi- 
cidal and fungistatic effects are observed with G. cingulata spores sown on 
agar medium containing a graded series of dosages of these fungicides. 

The influence of copper on the development on inversion growth on solid 
media was investigated. For this purpose strips of blotting paper (} in. X 
6 in.) were dipped in 1000 p.p.m. solutions of various compounds in suitable 
solvents, allowed to dry, then arranged in pairs in the form of a “T’’ on the 
surface of agar medium throughout which G. cingulata spores were dispersed 
at a concentration of 200,000 per ml (see Fig. 5). The plates were incubated 
for a week and examined daily. As growth appeared, the areas were outlined 
on the bottom of the glass tray to record fungicidal and fungistatic effects. 

The patterns produced with several combinations of compounds are repre- 
sented in Fig. 6. Copper sulphate alone had only a fungistatic effect (Fig. 6A, 
B, C, and E). A narrow band around each copper-sulphate-treated strip was 
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Fic. 4. Zones of inhibition and delayed inversion growth around thiram-treated paper disks on agar medium seeded with G. cingulata spores. 
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clear initially but soon filled in as spores in this area germinated to form 
colonies. The initial zone of inhibition around each dithiocarbamate-treated 
strip became apparent within 24 hours. Two to three days later a zone of 
inversion growth appeared within the clear area. This band of inversion growth 
was continuous around a strip treated with any of the dithiocarbamates, 
regardless of cation, except in the area where excess copper was supplied from 
the adjoining strip (Fig. 6A, B, C, and E). When ferric sulphate or zinc 
sulphate replaced copper sulphate, however, the inversion band was not 
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Fic. 6. Patterns of inhibition and inversion growth around pairs of paper strips 
treated with various compounds. Synthetic media with either (NH,)2SO, or KNO; as 
nitrogen source seeded with spores of Glomerella cingulata. Normal growth indicated by 
cross-hatching, fungicidal zones by solid white, and fungistatic zones by solid black. 
Dotted lines in angles of a ‘“‘T” outline precipitate in medium. 
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interrupted near the intersection (Fig. 6D and F). 

The early appearance of brown lines bisecting the angles of intersection 
of a dithiocarbamate-treated strip with a copper-sulphate-treated strip (Figs. 
6A, B, C, and E) indicated precipitation of cupric dimethyldithiocarbamate 
in the medium. In a few instances fungal growth later developed at this 
precise location. 

The above tests were replicated on a variety of media. Czapek’s agar and 
a synthetic medium with either ammonium sulphate or potassium nitrate as 
the nitrogen source gave virtually identical patterns. The growth pattern on 
peptone agar differed in two respects. Growth was not retarded, even tem- 
porarily, around the copper-sulphate-treated strip. Although the width of 
the initial clear zone around a dithiocarbamate-treated strip was the same 
as on other media, no delayed growth developed anywhere within this area. 


Discussion 

The decomposition of thiram by microorganisms other than G. cingulata 
has been reported by other workers (4, 16). The quantitative determinations 
with the organism reported here, however, establish that reduction of 
thiram takes place in the external medium with no measurable uptake by 
the spores. This fact is of fundamental importance in considering the site and 
mode of action of this fungicide. Since the reduced: form, which likewise 
remains in the ambient fluid, does not inhibit germination at equivalent 
concentrations, some further chemical reaction must account for the toxicity 
of thiram or dimethyldithiocarbamic acid. Combination of dimethyldithio- 
carbamate ions with copper ions seems a likely mechanism, although uptake 
of this complex by spores has not been demonstrated conclusively. 

Goks¢yr (4) first found a relationship between the concentrations of the 
1:1 and 1:2 copper dimethyldithiocarbamate complexes and acetate metab- 
olism of yeast, and pointed out that these copper complexes afforded an 
explanation of the inversion phenomenon first observed by Dimond et al. (1). 
This hypothesis was later supplemented by observations of Kaars Sijpesteijn 
and Janssen (11) with various fungi. The effects of spore exudate on the 
solubility and toxicity of copper dimethyldithiocarbamate observed with G. 
cingulata in the present study suggest that additional factors may be involved 
in the bimodal response. 

Further studies as to the nature and action of the exudate from G. cingulata 
spores are in progress. The observations by Goksgyr (4) that a protein 
(gelatin) held copper dimethyldithiocarbamate in solution and by Zentmyer 
et al. (17) that certain amino acids reverse the toxicity of 8-quinolinol may be 
pertinent to this case. Spore exudate has also some capacity for thiram reduc- 
tion, although the rate is very slow in comparison to that achieved by suspen- 
sions of viable intact spores. This suggests that either a labile enzymic 
reductant is released by the spores or that the reduction mainly occurs at 
the surface of the cell membrane. Enzymic reduction is indicated by the fact 
that heat treatment destroys the ability of intact spores to reduce thiram. 

Miller et al. (13) emphasized the importance of determining applied dosages 
on a spore weight basis. This is borne out by the response of G. cingulata to 
copper sulphate as shown in Table I, and to NaDDC as determined by dif- 
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ferent methods. A 20-p.p.m. solution of this compound had no effect on 
viability where 1 million spores per ml were exposed but caused complete 
inhibition in spore drop assays using 50,000 spores per ml. Further, Kaars 
Sijpesteijn and Janssen (10) found complete inhibition at 0.10 p.p.m. with 
4000 G. cingulata spores per ml in shake cultures. 

The growth patterns cbtained with treated paper strips on solid media 
can be explained adequately on the basis of Goksdyr’s copper complex 
hypothesis (3, 4). Presumably sufficient copper is supplied by the spores 
and (or) the medium to form the toxic 1:1 complex in the area of the outer 
inhibition zone, and the insoluble non-toxic 1:2 complex in the area of inver- 
sion growth. Inhibition in the inner zone can be attributed to NaDDC as 
such. Where excess copper is supplied from the adjoining strip, no inversion 
growth develops because the 1:1 region is extended inwards and the 1:2 
restricted to the line where precipitate formed in the medium (e.g., Fig. 6B). 
Goks¢yr (3, 4) proposed that further inversion phenomena should be shown 
in response to other heavy metals such as zinc and iron. Horsfall (5) has 
questioned this possibility. Certainly in our “‘T’’ tests there was no suggestion 
of any effect of heavy metals other than copper on inversion growth. 

Kaars Sijpesteijn et al. (11) found no evidence of inversion growth with 
G. cingulata in response to NaDDC and concluded that this organism, unlike 
Aspergillus niger, is sensitive to the 1:2 as well as the 1:1 copper dimethyl- 
dithiocarbamate complex. This conclusion is at variance with our observations. 
The dosage response curve of NaDDC as determined by spore drop assays 
with G. cingulata is sharply bimodal. Further, inversion growth does develop 
around NaDDC-treated paper on solid media seeded with G. cingulata spores. 

Kaars Sijpesteijn and van der Kerk (8) reported that A. miger displayed 
inversion growth in response to NaDDC if the nitrogen source in the medium 
was ammonium sulphate but if potassium nitrate was substituted inversion 
growth was only very faint or absent. In our “T’’ tests with G. cingulata 
identical patterns were produced with ammonia and nitrate nitrogen. Inver- 
sion growth failed to appear, however, when peptone agar was used. Binding 
of copper by peptone, suggested by the absence of any fungistatic zone on this 
medium around a copper-sulphate-treated strip, may account for this 
difference in growth response. 
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THE OCCURRENCE OF TETRASPORANGIA AND 
CARPOSPOROPHYTES ON THE SAME THALLUS IN 
EUTHORA CRISTATA (L. ex TURN.) J. AG.' 


PETER S. Drxon 


Abstract 


The occurrence of tetrasporangia and carposporophytes on the same thallus 
is reported in Euthora cristata (L. ex Turn.) J. Ag. collected in the Maritime 
Provinces, the first report of such a phenomenon in this genus. 


The assumption that the presence of sexual, carposporic, and tetrasporic 
phases in a Floridean alga is indicative of the occurrence of a Polysiphonia- 
like life history (cf. Fritsch 1945, p. 722) must be kept constantly under 
review, because, as Drew (1944, 1955) has indicated, the supporting evidence 
is surprisingly scanty. Any observations which suggest deviation from the 
type of life history characteristic of Polysiphonia are thus of considerable 
importance; of such observations, reports of the occurrence of tetrasporangia 
and either sexual organs or sexually produced carposporophytes on the same 
thallus are probably the most significant. Such reports are now quite numerous 
although it should be realized that most of these are in genera referable to the 
Ceramiales, in particular to the Ceramiaceae (Kniep 1928; Feldmann-— 
Mazoyer 1940). In the Cryptonemiales, Gigartinales, and Rhodymeniales, 
however, there is usually a sharp segregation of tetrasporangia and sexual 
organs on separate thalli and although there are a few isolated reports, ex- 
ceptions to this generalization are relatively rare. Additional reports of the 
occurrence on the same thallus of tetrasporangia and either sexual organs or 
sexually produced carposporophytes in genera referable to these orders are 
thus of particular significance. 

During the field excursion to the Maritime Provinces in September, 1959, 
organized in connection with the IXth International Botanical Congress, 
large collections of Euthora cristata (L. ex Turn.) J. Ag., a member of the 
Cryptonemiales, were made at a number of localities in New Brunswick and 
Nova Scotia. These collections were made with the intention of investigating 
the apical construction, which in this species has been the subject of some 
discussion (Kylin 1930; Norris 1957). Most of the specimens collected were 
fertile, with either tetrasporangia or ‘cystocarps’, the tetrasporangia being 
formed in the ultimate branches of the thallus, which become somewhat 
spathulate, whilst the ‘cystocarps’ are sessile structures formed laterally on 
the principal axes, although occasionally they may be terminal or nearly so 
(cf. Lund 1959). On sorting the material from the various localities, it was 
discovered that two plants collected in the Bay of Fundy, at the Lepreau 
Ledges, Maces Bay, New Brunswick, and at Tommy’s Beach, Digby Neck, 
Nova Scotia, respectively, bore both tetrasporangia and ‘cystocarps’; this 
is the first report of this phenomenon in Euthora cristata. 


1Manuscript received December 7, 1960. : 
Contribution from Hartley Botanica! Laboratories, The University, Liverpool, 3. 
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In both specimens, tetrasporangia were produced in the tips of most of the 
axes; the ‘cystocarps’ were not numerous, six being formed in one specimen 
and eight in the other. Externally, each ‘cystocarp’ was of normal appearance 
and, in section, the structure of each was identical with that of a normal 
‘cystocarp’. It is to be regretted that the sectioning of each ‘cystocarp’ re- 
sulted in the virtual destruction of the two specimens; this rigorous examina- 
tion was necessary to prevent the possible misidentification of gall-like 
proliferations as ‘cystocarps’, such as has occurred previously in other genera 
of the Florideae, cf. Ceramium (Dixon 1960). 

It should be emphasized that, in the two specimens from the Bay of 
Fundy, the two types of reproductive structure occurred side by side on the 
same erect frond. Both in the Maritime Provinces and in western Europe the 
development of sexual and tetrasporic fronds from what appears to be the 
same basal portion has been observed. There is a very simple explanation for 
this situation, which is, in fact, very different from that observed in the two 
specimens from the Bay of Fundy. In E. cristata, the thallus consists of a 
minute attachment disk from which the erect frond develops. The growth of 
thalli in close proximity to one another can result in the apparent adhesion of 
their attachment disks. In a few instances this may give rise to the apparent 
development of two erect fronds from the same basal portion; where one is 
sexual and the other tetrasporic this could be the cause of much confusion 
and misinterpretation. However, on close examination (or after sectioning of 
the basal disk) the cause is quite obvious. From the comments made by Lund 
(1959) it would appear that he had observed similar development in East 
Greenland. 

Following the discovery of tetrasporangia and sexually produced repro- 
ductive structures on the one frond, a search was made of other collections 
from western Europe. No other examples could be found, either in personal 
collections, or in the national herbaria. 

Cytological and cultural investigations of this phenomenon, both in Euthora 
and in any other genus of the Florideae for which it has been reported, are 
urgently required. At the present time, apart from the studies by Drew 
(1934, 1943), on Spermothamnion, detailed information on the life history 
of such organisms is almost entirely lacking. 
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VARIATION IN THE BANANA-WILT PATHOGEN, 
FUSARIUM OXYSPORUM f. CUBENSE! 


O. T. PAGE 


Abstract 


The validity of many of the strains of Fusarium oxysporum f. cubense which 
have been reported rests primarily upon the cultural criteria used in their 
differentiation. An examination of certain of these cultural features, such as 
the presence or absence of odor, pigmentation, ‘interaction’, and colony morphol- 
ogy did not permit conclusive identification of strains. ‘Finger printing’ by 
means of chromatographic assay of exogenous amino acids, measurements of 
growth, and the production of fusaric acid by single-spore cultures of strains of 
the banana-wilt fungus confirmed initial observations that so-called clones, 
cultivars, varieties, and groups overlapped and were inseparable. 

Methods for the isolation of single microconidia from the lumen of individual 
host cells, a microculture technique which employed 0.5 ml of liquid medium, 
and the determination of 27 ninhydrin-reactive substances in culture filtrate 
are described. 


Introduction 
Since Smith (20) in 1910 first identified the banana-wilt pathogen as 
Fusarium cubense, many workers have attempted to designate strains of this 
fungus with reference to differences in cultural morphology and in patho- 
genicity. These can be summarized as follows: 


DESIGNATION AUTHOR 

Fusarium cubense Smith (20) 

var. inodoratum Brandes (2) 

Groups A-K Hansford (7) 

Strains B-G Wardlaw (31) 
F. oxysporum v. cubense Wollenweber and Reinking (33) 
F. oxysporum {. cubense Snyder and Hansen (21) 

Yellow clone or race Stover (25) 


Non-yellow clone or race 
Inodoratum cultivar, clones A-C 
Odoratum cultivar, clones D-G Stover (26) 
Inodoratum cultivar, clones H, J 

Races 1 and 2 Stover and Waite (27) 
Sporodochial cultivar, Inodoratum clone 
Sporodochial cultivar, Odoratum clone Waite and Stover (29) 
Ropy, cottony alba, and pionnotal cultivars 


The identification of these variants of the banana-wilt fungus has special 
context within a widely accepted concept of speciation in the Elegans fusaria. 
This concept, first suggested by Hansford (7), implies that ‘Fusarium cubense’ 
is a purely ‘biological’ species, distinct from the wider ‘morphological’ species 
‘F. oxysporum’. These two species could not be separated in culture. Rec- 
ognizing the broader aspects of this concept, Snyder and Hansen (21) com- 
bined 10 ‘species’, 18 ‘varieties’, and 12 ‘forms’ of the Elegans fusaria (33) 
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into one morphologic species, F. oxysporum Schlecht., emended to agree with 
Wollenweber’s description of section Elegans (32), and intended to include 
all pathogenic isolates hitherto described under subsections Orthocera, 
Oxysporum, and Constrictum of the Wollenweber and Reinking system. 
Biologic formae speciales within the species F. oxysporum were then proposed 
by Snyder and Hansen on the basis of pathogenicity alone. i 

All members of section Elegans have, then, been conceived as belonging to 
one large but variable species, F. oxysporum. This concept implies that those 
variable features, which made impractical the subdivision of the Elegans 
section into 10 ‘species’, 18 ‘varieties’, and 12 ‘forms’ (33), are also inherent 
within the forma specialis cubense of F. oxysporum (21). At present the identi- 
fication of variants within f. cubense is thus dependent upon the same require- 
ments of cultural differentiation that were found to be unsatisfactory by 
Snyder and Hansen (21) and were rejected by them as a basis for identifying 
the ‘species’, ‘varieties’, and ‘forms’ which comprised the former section 
Elegans. 

During a previous study (14) it became increasingly evident that isolates 
could not be readily identified in culture by reference to the available de- 
scriptions. The present study was, therefore, designed to determine the validity 
of some of the strains or variants of F. oxysporum cubense that have been 
described in the literature by examining those cultural criteria that have been 
used in their differentiation. 


Methods and Results 

Four of the starting variants of F. oxysporum cubense, including clones 
designated as ‘odoratum’ and ‘inodoratum’, were obtained from Dr. R. H. 
Stover, La Lima, Honduras; ‘sporodochial’, ‘cottony alba’, ‘mycelial’, and 
‘pionnotal’ clones were obtained from Dr. B. Waite, University of California, 
Berkeley. Several hundred other isolates were obtained directly from naturally 
infected Gros Michel banana plants grown chiefly on Guaruma Farm III, 
La Lima, Honduras. 


Identification of Variants by Odor 
A review of the pertinent literature emphasizes the subjective nature of 

variant identification by odor. During the past 40 years the odor of the 

banana-wilt Fusarium grown on steamed rice has been variously reported as 

an ‘agreeable aromatic odor’ similar to the odor of ‘orange peel’, ‘ripe water- 

melon’, ‘cucumbers’, ‘fermented grapes’, ‘lilacs’, and even merely ‘etc.’ (2), 

a ‘benzolic odor’ (18, 30), an odor ‘like that of formaldehyde but similar to 

benzaldehyde’ (10), the odor of ‘ethyl acetate’ (30), a ‘faint’ or ‘very strong 

odor’ (26), and a ‘strong sharp odor’ or ‘mild fruity odor’ (29). Only in one 

case has any attempt been made to identify chemically the aromatics involved 

(9), and they were reported to be aldehydes. 
In the present study the production of odor was investigated by growing 

clones of so-called ‘odoratum’ and ‘inodoratum’ cultivars on steamed rice, the 

medium most widely used by earlier workers. Volatile compounds were 

evaluated by smell and also by their ability to decolorize aqueous solutions 

of potassium permanganate (5, 19). The amount of oxidizable gaseous sub- 
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stance in 14-day-old cultures was determined by inverting flask cultures over 
tubes containing 25 ml of 0.001 N KMnQ, solution. Changes in the opacity 
of the permanganate solution were measured colorimetrically at 425 my at 
15-minute intervals. During exposure the solution was constantly stirred by 
magnetic stirrer. 

All isolates, including the so-called ‘inodoratum’ clones, produced odor when 
cultured on steamed rice. Subject to the author’s olfactory acuity, odorous 
volatiles could not be identified by comparison with samples of formaldehyde, 
propionaldehyde, benzaldehyde, benzene, and ethyl acetate. Since several 
different odors were detected and these were not identified by association 
with reported odors, objective identification of variants by odor was not 
possible. Furthermore, both ‘inodoratum’ and ‘odoratum’ clones evolved un- 
saturated gaseous substance(s) (Table I). Because unsaturated volatiles were 
evolved both by ‘inodoratum’ and ‘odoratum’ clones the category ‘inodoratum’ 
is clearly untenable. 


TABLE I 


Reduction of KMnQ, by volatiles produced by variants of F. oxysporum cubense 
cultured on rice 








Change in opacity with time (min)* 








Variant 0 15 30 45 60 75 90 105 
Controlt 7.0 7.0 7.0 7.0 7.0 7.0 7.5 7.5 
‘Inodoratum’ 7.0 9.5 14.0 20.5 33.0 42.0 55.0 62.0 
‘Odoratum’ 7.0 15.5 28.5 43.0 62.0 76.0 90.0 95.0 





*Gain in opacity to blue light, 425my. 
tSteamed rice substrate. 
Identification of Variants by Color 

Hyphal pigmentation or pigment imparted to a substrate have been used 
in strain characterization in f. cubense (26, 29, 30, 31). Pigmentation may 
range from an apparent absence of color to pink, red, reddish purple, bluish 
purple to blue. Pigmentation in F. oxysporum has been reported to be in- 
fluenced by such factors as the type of culture medium (31), pH (3), age of 
culture (2), and light (23, 34). In view of these variables, the reported use 
of pigment in strain classification has been essentially unqualified. 

Although at least two pigments are produced by variants of F. oxysporum 
cubense, the present study was concerned chiefly with a diffusable pigment 
imparted to particulate material in a rice flour agar substrate. The pigment 
was relatively insoluble in water, ethanol, petroleum ether, acetone, chloro- 
form, ethyl acetate, n-butanol, and dilute sodium hydroxide. However, the 
pigment was readily extracted from the substrate with acetic acid. The red 
pigment solution was filtered, dried im vacuo at 45° C, washed with distilled 
water followed with 95% ethanol, and taken up again in glacial acetic acid. 
Pigment solutions treated in this way gave absorption maxima at 270 and 
500 my. The relative optical density of pigment solutions obtained from 
cultures of nine variants was determined colorimetrically. 

Cultures of variants incubated under similar conditions produced a con- 
tinuous range in substrate pigmentation which precluded any precise sub- 
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TABLE II 


Relative density of pigment produced by nine variants of F. oxysporum cubense on rice 








Optical density of pigment solution* 








Accession number of variant 7-day culturet 21-day culture 

Acid extract of rice agar 0.005 0.005 
1 0.910 1.900 
2 1.500 2.000 
3 0.015 0.365 
+ 0.017 0.570 
5 0.015 0.335 
6 0.133 0.470 
7 0.023 0.285 
8 0.620 1.200 
9 0.435 2.000 





*Determined at a wave length of 500 my. 
tCultured on rice agar in darkness at 25° C. 





division of variants (Table Il). Pigmentation of substrates was commonly 
observed to be inversely proportional to the amount of aerial mycelium. 
Pigmented rice substrate developed shades of red when below pH 6.8 to 7.2, 
and became purple above this range. Subtle changes in substrate color during 
aging of a colony were attributed primarily to shifts in pH, and all color 
changes due to changes in pH were reversible. 

Endogenous pigment production was induced by growing variants of the 
fungus on a medium consisting of: KH2PQ,., 0.5 g; MgSO,.7H,0, 0.2 g; 
FeCl;.6H,O, 20 mg; d-glucose, 10.0 g; L-aspartic acid, 2.5 g; distilled water 
to 1 liter. Cultures were incubated for 108 hours in a water bath at 27° C, 
with continuous shaking, and were then extracted either with acetic acid or 
Igepal C0-630. There was a range in levels of extractable endogenous pigment 
which again did not permit the arrangement of variants into groups defined 
by pigmentation. 


Cultural Interaction 

This feature, which is akin to the ‘barrage’ phenomenon in the fungus 
Podospora anserina (15), has been described by Miller (12) in the Fusarium of 
muskmelon wilt, and has recently been used to distinguish variants of F. 
oxysporum cubense (26). In the present study ‘cultural interaction’ was evalu- 
ated on a rice agar substrate. Variants were successively single-spored three 
times, after which hyphal tips were cut off from the edges of the colonies when 
they were approximately 1 cm in diameter. Six hyphal tips were arranged 
radially in each Petri plate, equidistant from each other, and 3.5 cm from 
a central hyphal tip. Incubation was continued until interaction was evident. 

A predictable pattern of ‘cultural interaction’ was readily induced (Fig. 4). 
This phenomenon was stable and occurred repeatedly in all of 36 pairings of 
hyphal tips of a colony derived by three successive single microconidial trans- 
fers from one original single spore. It soon became apparent that because 
‘cultural interaction’ occurred between thalli of identical origin it could not be 
used to diagnose different variants, as has been previously proposed (26). 
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Furthermore, the interactions between the variants graded from a sharply 
delimited ‘barrage’ of aerial mycelium on the one hand to an intermingling of 
thalli with no perceptible ‘barrage’ on the other. Again, in either case ‘cultural 
interaction’ could not be used to identify variants. 


Ninhydrin-reactive Substances 

Failure to delimit alleged pathogenic variants by reported criteria led to an 
examination of amino acids and other ninhydrin-reactive substances in filtrates 
from liquid cultures of variants. Experiments were designed to see whether 
qualitative and (or) quantitative differences in exogenous metabolites, e.g. 
free amino acids, might permit definitive ‘finger printing’ of variants. 

Although various flask-culture techniques were investigated, a microculture 
technique was found to be most satisfactory. Acid-cleaned serological tubes, 
1.0 (O.D.) cm X 4.5 cm were rinsed in Versene (6), followed by four rinses with 
ion-free water and were then charged with 0.5 ml of modified Richard’s Ris 
solution (17). After autoclaving, each tube was inoculated with a single spore 
of a variant and then incubated 10 days in darkness in a water bath main- 
tained at 25°C. Microtubes were not plugged during incubation, but 10-repli- 
cate tubes of a variant were maintained free of contamination within covered 
beakers 50 cc in volume. 

In a preliminary run to assess ninhydrin-reactive substances, filtrates from 
71 single-spore cultures of various isolates were aggregated. This combined 
sample was passed through a Dowex-50 column (9 X 1 cm), eluted with 2 NV 
NH,OH and the eluate dried im vacuo at 40° C. The sample was taken up in 
citrate buffer, pH 2.2., and a 2-ml aliquot was placed on the column of a 
Beckman amino acid analyzer. The sample was eluted at the rate of 30 ml 
per hour with a 0.2 N citrate buffer sequence of pH 3.25 and pH 4.25 at a 
temperature of 50° C. 

In repeated experiments, 10 ul aliquots of neat filtrate from each replicate 
microculture of a variant were spotted on Whatman No. 1 filter paper. Chroma- 
tograms were irrigated (descending) with n-butanol: acetic acid: water (4:1:5, 
by volume) for 16 hours, dried, and irrigated in the same direction a second 
time. Phenol: water (3:1) adjusted to pH 5.5 with NaOH was used as a second 
solvent in two-dimensional chromatograms following a single initial irrigation 
with butanol — acetic acid - water. The usual precautions were taken to ensure 
standard conditions during irrigation and development. 

Seventeen amino acids and 10 unidentified ninhydrin-reactive substances 
were present in 10-day-old culture filtrates in which nitrogen was initially 
supplied as ammonium nitrate (Fig. 1 and Table III). Of the amino acids, 
alanine, aspartic acid, glutamic acid, glycine, leucine (isoleucine), lysine, 
phenylalanine, serine, threonine, valine, and a prominent ninhydrin-reactive 
unknown which fluoresced yellow under ultraviolet (3660 A) were useful in 
subsequent chromatographic ‘finger printing’. 

Although quantitative differences were demonstrable chromatographically, 
such differences were not sufficiently distinctive to permit separation of 
variants (Fig. 5). From an examination of 40 replicate cultures of each of nine 
variants, it was concluded that such a range in spot areas existed as to preclude 
definitive quantitative grouping of variants. 
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Fic. 1. Chromatographic analysis (50° C) of 10-day-old culture filtrates. The amino 
acids in order of elution are cysteic acid (ca), aspartic acid (aa), threonine (th), serine (se), 
glutamine (glu), and asparagine (asp), proline (pr), glutamic acid (ga), giycine (gly), 
a-alanine (al), cystine (cys), valine (va), pipecolic acid (pa), isoleucine (i), leucine (2), 
tyrosine (tyr), phenylalanine (ph), B-alanine (G-al), y-aminobutyric acid. Glutaminezhas 
the same rate of travel as asparagine. 


Qualitatively, amino acids detected in culture filtrates of variants were 
similar to those determined by two-dimensional chromatograph. In addition, 
there was similarity amongst variants in both the exogenous and in the 
alcohol-extractable endogenous pools of free amino acids. 
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TABLE III 


Levels of amino acids in filtrate from 71 single-spore cultures of F. 
oxysporum cubense grown on Ris medium in darkness for 10 days at 27° C. 
The amounts were determined from calculations of areas beneath peaks 
obtained by a Beckman amino acid analyzer 











Amino acid umoles/ml of filtrate 
a-Alanine 2.800 
B-Alanine 1.082 
y-Amino butyric acid 0.494 
Aspartic acid 0.030 
Glutamic acid 0.090 
Glutamine + asparagine 0.047 
Glycine 0.056 
Serine 0.038 
Threonine 0.079 
Other amino acids* Trace 





*The amounts of other amino acids detected as shown in Fig. 1 were not calculated. 


It was concluded that the nine variants examined were qualitatively similar 
with respect to amino acids excreted into the substrate. Quantitative differences 
observed again represented a range, due either to the inherent slight differences 
in the efficiency of variants to synthesize amino acids when grown in an 
arbitrarily selected environment, or to the relative permeability of their hyphal 
membranes. 


Variation in Growth and Fusaric Acid Production 

One of the principal problems in studying fungus variation is to minimize 
experimental variation. Error due to technique was found to be excessive in 
densitometric, or elution and photometric ninhydrin determinations of amino 
acids, and in the extraction of pigment for colorimetric assay. Of various 
criteria investigated mycelial weight determinations were direct and subject to 
a minimum of variation due to technique. The assay of culture filtrate samples 
for fusaric acid (FA) was also a useful index of culture variation providing 
excessive levels of chelate metals were not present. 

In mycelial weight determinations, single-spore cultures were grown on 2% 
agar Noble. Spore dilutions from such cultures were plated again on agar 
Noble. Single spores were transferred by microneedle to 10-ml aliquots of 
sterile Ri; medium in 50-ml Versene-washed De Long flasks with stainless steel 
Morton closures. Cultures were then incubated for 168 hours in darkness at 
27° C. Mycelial mats were collected on tared AA type Millipore filters and 
dried at 100° C. 

Preliminary absorption spectra of a known sample of FA (m.p. 106-107° C) 
in Ris medium were made with a Beckman DK-2 spectrophotometer. Maxi- 
mum absorption, which wasobtained at 268 my, was in agreement with reported 
values (13,16). FA complexed with 0.174 M ferrous ammonium sulphate hexa- 
hydrate had an absorption maximum of 377 my and thus agreed favorably 
with reported spectral shifts for iron complexes of pyridine-2-carboxylic acids 
(1). The amount of FA in 100-yl filtrate samples in 3.0-ml water blanks was 
estimated by using a Beckman DU spectrophotometer at 268 mu. Absorption 
data obtained with the same instrument was used in the preparation on a 
standard curve. 
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Fic. 2. Frequency with which 254 single-spore cultures of F. oxysporum cubense 
produced a particular weight of mycelium during 168 hours growth on Ris medium at a 
temperature of 27° C. 
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Fic. 3. Frequency with which 90 single-spore cultures of F. oxysporum cubense 
produced a particular amount of fusaric acid (FA) during 168 hours incubation on Ris 
mediums at 27° C. 


Mycelial weight determinations for 254 single-spore cultures are presented 
in Fig. 2. The weight frequencies are a composite of 87 ‘inodoratum interactant’ 
cultures, 75 ‘cottony alba’ cultures, and 92 ‘sporodochial’ cultures. The afore- 
mentioned variants could not be separated by differences in mycelial weight, 
nor were differences in colony morphology evident under the experimental 
conditions. It is apparent that the curve approximates a normal population 
frequency distribution. Similarly, FA production in 88 single-spore ‘sporo- 
dochial’ cultures showed a range which could not be accounted for by technique 
error (Fig. 3). 


Variability in Host—Pathogen Relationships 

Three unrelated groups of alphabetically designated variants have been 
defined in culture (7, 26, 31). Verification of such cultural groupings by 
pathogenicity tests have, however, been inconsistent. For example, Hansford 
(7) arranged 103 single-spore strains of F. cubense into groups A to E on the 
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PLATE I 





Fic. 4. ‘Interaction’ between contiguous colonies of F. oxysporum cubense arising 
from six hyphal tip inoculations, equidistant from each other and 3.5 cm from a central 
hyphal tip. 

Fic. 5. ‘Fingerprint’ of nine filtrate samples from single-spore microcultures of a 
single strain. Equal volumes of neat filtrate were applied to the chromatogram. It is 
———— that qualitative differences could not be eliminated by proportionate applications 
of filtrate. 
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basis of spore and sclerotial characteristics. These groups, although separable 
in culture, were equally “‘parasitic’’. Hansford’s groups F to K included 212 
strains, in which group F was morphologically similar to group A, G to B, 
H to C, and J to D. Except for differences in conidial size and shape, group K 
resembled C and H. However, groups F to K were non-pathogenic to banana 
plants. 

In contrast Stover found seven clones of F. oxysporum cubense fell into five 
pathogenicity groups and caused two distinct disease ‘“‘syndromes’’. ‘Yellowing’ 
and ‘non-yellowing’ symptoms were ascribed to clones grouped into ‘Inodora- 
tum’ and ‘Odoratum’ cultivars respectively. But the data supporting this 
symptom-—variant relationship were inconclusive. 

Because of the tenuity of the foregoing evidence, field and laboratory studies 
were undertaken to determine whether any relationship existed between 
naturally infected host symptoms and the cultural characteristics of the 
particular Fusarium-wilt organism isolated. Field plots were selected in an 
area known to have had a high incidence of disease following a previous flood- 
fallowing. The development of disease in 525 Gros Michel banana plants was 
followed by 13 periodic surveys during 550 days. 

A technique was devised wherein a single microconidium could be readily 
isolated from a single tracheary cell of a diseased host. Advantage was taken 
of the fact that the leaf sheaths of a naturally infected pseudostem are com- 
monly invaded in acropetal sequence, followed by ingress of the fungus into 
the bundles of the ‘true stem’ or axis supporting the inflorescence. Isolating 
the fungus from a central diseased vascular bundle of an axis, 1 meter above 
ground level, produces therefore a sample of F. oxysporum which has become 
persistently established within the host remote from the roots. Such sample 
can be accurately associated with symptoms within a particular single diseased 
cell. 

Plugs, 1.5 cm in diameter and 5.0 cm in length, were removed from the 
central part of an axis approximately one meter above ground level. Plugs were 
broken and the halves carefully pulled apart to expose the helical secondary 
wall thickenings of tracheary elements (Figs. 6-8). Some helices were removed 
using sterile forceps and examined directly with the microscope, others were 
stretched on a suitable substrate surface (Fig. 9), and some were immersed in 
a sterile water blank. By the latter technique single microconidia were 
isolated from an individual diseased plant cell or a part of a cell. 

Fusarium wilt was first observed in the experimental area 150 days after 





Fic. 6. A section of the true stem of a Gros Michel banana plant with Fusarium 
wilt. A central plug, 1.5 cm in diameter, has been removed. 

Fic. 7. A plug, similar to the plug removed in Fig. 6, which has been broken and the 
— pulled apart to expose the helical secondary wall thickenings of the tracheary 
elements. 

Fic. 8. A terminal portion of the secondary wall thickening of a single tracheary 
element removed from a broken plug (Fig. 6). The arrow indicates a Fusarium hypha 
which has floated free of the cell lumen into the mounting medium. 

Fic. 9. Three naturally infected tracheary elements stretched on an agar substrate. 
‘Cultural interaction’ is apparent at the interface between the colonies arising from 
Fusarium-infected elements. Since interaction has occurred between three colonies, it is 
evident that the colonies cannot be divided into two interactant groups. 
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planting. At the end of the observation period 50.7% of plants were infected. 
No delimited groups of different symptoms were observed amongst these 
plants or amongst many hundreds of diseased plants examined during a period 
of 2 years. A range in the amount of leaf yellowing and collapse of leaves as 
well as a variable number of discolored vascular bundles was apparent upon 
felling a diseased shoot. 

An examination of 549 first isolates on rice agar showed a range in the relative 
abundance of aerial mycelium, sporulation, and substrate pigmentation 
amongst isolates. Less variation was evident in isolates from 10-month-old 
diseased shoots than in isolates from 13- to 14-month-old shoots. Ten-month- 
old plants yielded colonies which agreed in general with the so-called ‘wild 
type’ (12). 


Discussion 


The identification of members of the form genus Fusarium has frequently 
depended upon cultural features which exhibited a range in variability. 
Attempts to separate species, varieties, forms, strains, clones, and cultivars by 
such morphologic features has often been arbitrary and extended beyond the 
limits of objective evaluation of cultural characters. 

Hansford (7) first recognized that morphological diagnoses of the wilt- 
producing forms of section Elegans which he isolated, including ‘F. cubense’, 
were valueless as a method of separating members of this section. Data later 
presented by Snyder and Hansen (21) supported Hansford’s view that all 
members of Elegans were morphologically indistinguishable one from another. 
Such gross cultural features as flocculent, compact, abundant, or scant aerial 
mycelium; pigmentation of substrate or fungus; the presence or absence of 
sclerotia, sporodochia, and pionnotes; and such microscopic, morphologic 
features as spore size and septation were considered ‘‘too unreliable and mis- 
leading” for the identification not only of Elegans fusaria but also of members 
within section Martiella (22). 

From the present study there was no evidence that variation in pigmentation, 
mycelial growth, and spore size differed in kind from that observed by Snyder 
and Hansen (21, 22). That is, the variation encountered was of the same order 
as the variation inherent in some 40 members of the former section Elegans 
now classed as F. oxysporum. 

Variation in amino acid patterns produced by single-spore cultures of nine 
strains exhibited no particular trend. This observation agrees substantially 
with a recent report (11) that the free amino acids in culture filtrates of isolates 
of F. solani phaseoli were variable, particularly as related to the relative 
virulence of the isolates investigated. The presence of at least 27 ninhydrin- 
reactive substances in culture filtrates is considerably in excess of the number 
heretofore recorded to be produced by Fusarium in similar media (4, 11, 16, 28). 
Some of the nine unidentified ninhydrin-reactive substances are believed to 
be peptides. The re-utilization of amino acids as reported by Sandhu (16) was 
confirmed. 

Single-spore cultures of a particular strain of F. oxysporum cubense produced 
varying levels of FA during 168 hours of incubation. During longer periods 
the author has reported yields more than 20 times greater than those found in 
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the present study (14). While recognizing that longer incubation periods and 
mass inoculum would have increased the yields of FA and also the range in 
variability, it is believed that experimental error has been minimized by the 
technique employed. It is significant to note that the range in FA produced by 
11 strains and form of F. oxysporum during 2 weeks’ incubation, as reported 
by Nishimura (13) varied from 3.5 to 35.4 ug/ml. During a 14- to 21-day 
incubation period Sandhu (16) observed that F. oxysporum lycopersici produced 
in excess of 1000 wg FA/ml of culture filtrate. 

Odor was found to be unreliable in the separation of strains of the banana- 
wilt fungus. From descriptions of odor it is not clear which odors were evolved, 
and whether the category ‘inodoratum’ was meant to imply a complete 
absence of substrate and fungus odor, or whether there was an absence of some 
particular odor with reference to the correlated ‘odoratum’ clone. A recent 
report by Waite and Stover (29) of the production of a “fruity’’ odor by an 
‘inodoratum’ clone is not only self-contradictory but opposes the concept of 
‘inodoratum’ originally proposed by Brandes (2) to describe a strain which 
had an absence of an aromatic fruit-like odor. 

The present study has failed to support a reported association of ‘inodora- 
tum’ and ‘odoratum’ cultivars with ‘yellowing’ and ‘non-yellowing’ disease 
‘syndromes’ (26). This was due not only to the fact that isolates were more or 
less odorous and could not be divided into two groups, but also to an inability 
to separate disease symptoms into two groups in the field. Furthermore, data 
presented in support of the aforementioned association (26) can be construed 
to support an opposite point of view since the ‘odoratum’ cultivar was reported 
to be isolated from 50% of banana plants with the ‘yellowing syndrome’. As 
well, a color plate of a Fusarium-wilted plant depicted by Brandes (2) is inter- 
mediate to the ‘yellowing’ and ‘non-yellowing’ symptoms illustrated by 
Stover (26) with respect to yellowed collapsed leaf laminae. 

A common practice in banana plantings in Honduras with a relatively high 
incidence of Fusarium wilt has been to flood-fallow such plantations. Although 
the rate of wilt development in new plantings after flooding varies according 
to location, data presented in this paper and elsewhere (24) support the fact 
that F. oxysporum cubense survives flooding. It is difficult to concur with the 
results of pathogenicity studies which attempt to equate “relative virulence”, 
i.e. to separate clones D, E, F, and G (26) when such studies were carried out 
on previously flooded soil, particularly when less than 50% of plants inoculated 
became diseased at all. Further, a planting distance of 12 ft does not preclude 
inoculation of roots of plants in adjacent rows due to overlap of roots (8), 
The rapidity of disease spread to adjacent mats is thus invalid as a measure of 
strain virulence. 

It has not been possible to meaningfully equate various systems of classifica- 
tions of the banana-wilt Fusarium, some of which have been recently proposed. 
‘Yellow’ and ‘non-yellow’ races (25) are presumed to be equivalent to ‘inodora- 
tum’ and ‘odoratum’ cultivars (26). In turn the ‘inodoratum’ cultivar was 
shown to contain races 1 and 2 which attack differentially several Musa 
varieties (27). ‘Inodoratum’ and ‘odoratum’ cultivars have now been called 
clonal groups within the ‘sporodochial’ cultivar (29). Another difficulty in 
classification is that within the ‘odoratum’ and ‘inodoratum’ cultivars clones 
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A to H, J (26, 27) bear no apparent relationship to other alphabetically 
designated groups, A to H, J, K (7), and to strains B to G (31). 

Ina fourth system of classification most recently proposed, non-sporodochial 
‘ropy’, ‘cottony alba’, and ‘slimy pionnotal’ cultivars of F. oxysporum cubense 
have been considered to arise from a parental ‘sporodochial’ cultivar (29) by 
unidirectional ‘mutation’ on potato dextrose agar. It has been repeatedly 
shown by Snyder and Hansen (21, 22), however, that sporodochial and non- 
sporodochial types arise in the progeny from a single conidium and that this 
criterion was unreliable in the separation of species and varieties of F. oxysporum 
and also of F. solani. Furthermore, the categorizing of isolates into four groups, 
three of which were considered to be ‘‘mutants’’, to be of value in classification 
presupposes predictable, re-occurring, rather than randomly occurring muta- 
tion. If such directional mutation occurs on potato dextrose agar neither the 
frequency of such mutation nor the possible role of adaptation has been 
elucidated. 

The extent of variation is limited ultimately by the genetic potential of the 
fungus. Within such limitations, however, the capacity of the organism to vary 
is multidimensional. To attempt to circumscribe such variation by resort to 
an arbitrarily selected medium, and thereon to resolve variation in terms of 
one or several traits, while convenient for one purpose may be quite inadequate 
for another. Thus the imposition of arbitrary morphological or physiological 
limits has proved to be rather fruitless, particularly when viewed in the light 
of the present multiplicity of strains of F. oxysporum cubense. 
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STUDIES ON RUBUS VIRUS DISEASES IN BRITISH COLUMBIA 
VII. RASPBERRY VEIN CHLOROSIS' 


RICHARD STACE-SMITH 


Abstract 


A virus disease occurring in the Lloyd George variety of red raspberry (Rubus 
idaeus L.) in British Columbia has been identified as raspberry vein chlorosis, 
a disease previously reported from Scotland. The virus was transmitted to the 
Lloyd George and Washington varieties of red raspberry, loganberry (R. logan- 
obaccus Bailey), and the Alpine strawberry ( Fragaria vesca L.) by the aphid A phis 
tdaei V.d.G. In each of these hosts, the characteristic symptom was a net-like 
chlorosis of the tissue bordering the smaller veins of the leaf. The large raspberry 
aphid, Amphorophora rubi (Kalt.), was not a vector. Experiments using 4. idaes 
showed that most individuals require more than 1 day on the virus source to be- 
come viruliferous. The length of time that aphids remained viruliferous depended 
upon the conditions of the test; viruliferous aphids feeding upon healthy rasp- 
berry plants lost the ability to transmit the virus within a day, while those feeding 
_ 7 genie or held in a Petri dish without food, retained the virus longer 
than 1 day. 


Introduction 

In 1947, Cadman and Hill (2) reported that some of the virus diseases 
affecting raspberries in Scotland were transmitted by the two aphid species 
that were commonly found on raspberry, Amphorophora rubi (Kalt.) and 
Aphis idaei V.d.G. A. rubi transmitted a mosaic disease while A. idaei 
transmitted a different type of diséase that was provisionally identified as 
“curly dwarf’, a virus disease occurring in England (6). In 1952, Cadman (1) 
noted that the aphid-transmitted disease in Scotland was distinct from curly 
dwarf and named it “vein chlorosis’. 

In British Columbia, raspberry plants of the variety Lloyd George have 
been found to exhibit vein chlorosis symptoms similar to those reported on 
red raspberry varieties in Scotland. Also, when raspberry plants were examined 
for potential virus vectors, aphids similar to those reported in Europe were 
found on some of the affected plants. In 1957, experiments were initiated to 
discover the identity and mode of spread of the disease in British Columbia 
and to determine whether it was a threat to the local raspberry industry. 
This paper reports the results of the study, which showed that the raspberry 
vein chlorosis disease in British Columbia was the same as the disease that 
occurs in Scotland. Throughout the paper the disease and virus are referred 
to as RVC. 


Materials and Methods 
Plants of the variety Lloyd George that were showing vein chlorosis symp- 
toms were the source of the virus. These were collected from five locations 
in British Columbia and established in an experimental plot at Vancouver. 
Each source was graft-indexed to black raspberry (Rubus occidentalis L.) 


1Manuscript received December 6, 1960. 
Contribution No. 26 from the Research Station, Canada Department of Agriculture, 6660 
N. W. Marine Drive, Vancouver 8, B. C 
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seedlings and proved to be infected with black raspberry necrosis virus, which 
induces distinctive symptoms in these seedlings but is carried without showing 
symptoms in most varieties of red raspberry (7). Since black raspberry 
necrosis virus is heat labile, this virus was eliminated from the Lloyd George 
source material by holding the plants at an air temperature of 37° C for 10 
days. With this treatment RVC remained unaffected even in plants that were 
treated for 3 months (8). 

Both grafts and aphids were used for transmission. A. idaei was used for 
all vector experiments with the exception of a few experiments with A. rubi. 
A. idaei, a species previously not recorded from North America, was identi- 
fied by Dr. Louise M. Russell, United States Department of Agriculture, 
Washington, D.C. 

Healthy test plants included virus-free Lloyd George raspberry (Rubus 
idaeus L.) imported from England in 1955, and virus-free Washington rasp- 
berry obtained from local commercial plantings. Small plants were grown from 
root cuttings and inoculated when the shoot was from 3 to 8 in. high. Such 
young plants consistently proved to be more susceptible to infection by aphids 
than larger, more mature plants. The Alpine strawberry (Fragaria vesca L.), 
loganberry (R. loganobaccus Bailey), black raspberry (R. occidentalis L.), 
and R. henryt Hemsl. & Kuntse were also tested to determine their suit- 
ability as indicator plants. 


Experimental 
SYMPTOMS 
On Red Raspberry 

RVC was transmitted to virus-free Lloyd George and Washington rasp- 
berry plants by the aphid A. idaez. When the plants were inoculated in the 
spring, 6 of 32 Lloyd George plants and 4 of 10 Washington plants became 
infected. Symptoms appeared in from 3 to 5 weeks after inoculation and the 
syndrome in each infected plant was similar. The young expanding leaf 
immediately below the tip of the plant developed small chlorotic areas along 
the veinlets. Most of the leaf blade appeared normal and the chlorosis was 
usually confined to small net-like patches (Fig. 1). Succeeding leaves developed 
the same general pattern with considerable variation in the extent of the 
chlorosis. Some leaves appeared completely normal, others showed small 
chlorotic patches, while still others showed extensive chlorosis of the small 
vein tissue (Fig. 2). Often the chlorotic areas did not expand normally and the 
laminae became distorted. 

When inoculations were made on 10 Lloyd George plants in September, 
no symptoms appeared until the following spring, at which time four plants 
developed RVC. Symptoms on one of these plants were particularly mild; 
small patches of vein clearing were evident on the first leaves of the new cane 
but succeeding leaves throughout the summer appeared normal. 

Vein chlorosis symptoms on plants grown in the field were of the same 
general type but somewhat more intense than on those grown in the green- 
house. Probably the more succulent growth under greenhouse conditions 
partially masked the symptoms. However, under both greenhouse and field 
conditions there was no symptom other than foliar chlorosis and there was no 
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Fic. 1. Red raspberry (Rubus idaeus L.), variety Lloyd George, 5 weeks after aphid 
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observable difference in size and yield between virus-free plants and plants 
infected with RVC. 

In order to determine whether the presence of black raspberry necrosis 
would have any influence on the symptom picture of RVC, Lloyd George 
and Washington plants infected with RVC only were compared with plants 
infected with a combination of both diseases. Black raspberry necrosis virus 
produces no symptoms in Lloyd George, but in Washington it produces a 
mottling of the leaf tissue. In Lloyd George, there was no intensification of 
symptoms; plants with a complex infection could not be distinguished from 
those infected with RVC alone. In Washington, the mottling symptoms 
partially masked the RVC symptoms so that RVC could not be readily 
detected. Thus the two viruses behave independently when combined and the 
resultant disease depends upon the response of a particular variety to black 
raspberry necrosis virus. 


On Loganberry 

Scions from infected Lloyd George raspberry were grafted to two logan- 
berry plants in the summer. No symptoms of RVC appeared until the follow- 
ing spring when distinct vein chlorosis developed on the leaves of both plants 
(Fig. 3). The plants were observed for 3 years following and the symptoms 
were the same each season, with no apparent decline in vigor. 


On Alpine Strawberry 

RVC was transmitted to Alpine strawberry seedlings by the aphid A. idaez. 
The first symptoms on the inoculated plants appeared in from 3 to 4 weeks. 
As with the raspberry and loganberry, the only symptom was a chlorosis 
along the veins (Fig. 4). The pattern was similar to raspberry but differed 
in that chlorosis frequently developed along one of the secondary leaf veins 
in addition to the smaller veinlets. Infected plants that were maintained in 
succulent growth continued to show leaf symptoms throughout the season. 
Leaves that appeared normal were produced; the plants became pot-bound. 
When the plants were held over the winter and transplanted in the spring, the 
new foliage showed typical symptoms. 


On Other Hosts 

Seedlings of black raspberry and root cuttings of R. henryi have proved 
useful indicators for several Rubus viruses, hence these plants were tested 
to determine whether they would be suitable indicators for RVC. Infected 
raspberry scions were established on five test plants of each of these species. 
No symptoms developed in the year of grafting and the plants were held over 
the winter in a cold frame and brought into the greenhouse in the following 
spring. There were no symptoms of RVC on the new foliage that developed. 
It is evident that these two species have no value as indicators for RVC. 


VECTOR STUDIES 
Cadman and Hill (2) reported that RVC was not transmitted readily 
even when large numbers of aphids were transferred from the sources to the 
test plants. The early transmissions attempted at Vancouver confirmed this. 
A study was therefore made to determine the factors responsible for this low 
vector efficiency. Virus source, test plant, and the condition of the vector were 
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investigated in an attempt to find suitable conditions for the study of virus— 
vector relationships. 

Infected Alpine strawberry and raspberry were tested as source material. 
Attempts to transmit from strawberry failed. Both Lloyd George and Washing- 
ton raspberry were suitable provided the aphids colonized the growing plant. 
Several attempts to recover the virus by placing virus-free aphids on leaves 
detached from an infected plant were unsuccessful, although aphids did feed on 
detached leaves. 

Suitable test plants were healthy Alpine strawberry seedlings and rasp- 
berry root-cuttings in succulent growth. These two hosts were comparable in 
their susceptibility to infection. In one test, using five aphids per test plant, 
RVC was transmitted to 7 of 20 Alpine seedlings and 3 of 10 Lloyd George 
cuttings. In most experiments raspberry was used in preference to strawberry, 
since it is the natural host of the aphid. 

The condition of the vector appeared to be the most important factor in 
transmission efficiency. The vector A. idaei has two distinct forms. One form 
of the aphid develops in densely packed colonies, generally on the tips of 
the young succulent canes and on the leaf petioles. This form appears in 
the spring under screenhouse conditions. The second form predominates 
throughout the summer, when the aphids are found mostly on the lower 
surface of the leaves where they develop as dispersed individuals rather than 
as colonies. Aphids from the densely packed colonies were the more efficient 
vectors. Using five of these aphids per test plant, about half of the test plants 
became infected. The dispersed summer form of the aphid was not an efficient 
vector and most of the test plants exposed to from 20 to 50 of these aphids 
did not become infected. When the summer aphids were transferred to succu- 
lent plants held at 18 to 20° C, they reverted to the spring form and produced 
large colonies. Aphids from such colonies were as good for vector experiments 
as those from screenhouse colonies. 

The minimum time required for aphids to become viruliferous was not 
determined but tests indicated that aphids acquire an infective charge slowly. 
RVC was usually not acquired by A. idaei unless the insects had fed on the 
source for more than 1 day. Groups of aphids were transferred from a virus- 
free plant to an infected plant for an acquisition feeding period of 1 day and 
then transferred, 20 aphids per plant, to healthy test plants. Of 15 plants so 
inoculated, only 1 became infected, indicating that aphids must normally 
feed for more than 1 day on the virus source in order to become viruliferous. 

The vector was not efficient enough to allow precise experiments to be made 
on the persistence of the virus in the aphid. Aphids for these experiments 
had an acquisition feeding period of at least a week on a Lloyd George plant 
infected with RVC. Both raspberry and strawberry were used as indicator 
plants and 20 aphids were transferred to each plant, for a test feeding of 1 day 
or, in one experiment, 2 days, and then transferred to another group of indi- 
cator plants for a second feeding of 2 days. Thus these tests simply demon- 
strated whether any aphids remained viruliferous after the first test feeding. 
The results are summarized in Table I. 

In the first experiment (Table I, experiment a) the indicator host was 
strawberry and the first test feeding was 1 day. Of the 14 plants inoculated 
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in each group, three of the first group and five of the second group were 
infected, showing that the virus persisted in the vector at least 1 day. A 
subsequent experiment (experiment 5) showed that the virus was retained by 
aphids for at least 2 days when confined upon Alpine plants. In two other 
experiments (experiments c and d), raspberry indicators were used instead of 
strawberry. In these experiments, none of the second group of test plants 
became infected, thus indicating that the virus was retained by aphids for 
less than 1 day when they were confined upon raspberry. In a final test, 40 
aphids from a diseased plant were held in a moist Petri dish at 20° C for a day 
and then transferred to two indicator raspberry plants, 20 aphids per plant. 
Both of these plants became infected, and therefore aphids not permitted 
to feed can retain the virus for at least 1 day. Thus the period that an aphid 
retains the ability to transmit virus after leaving the source of inoculum 
depends upon the conditions of the test; aphids feeding on raspberry lose an 
infective charge of virus within 1 day, whereas those feeding on strawberry 
or not feeding, retain the virus longer than 1 day. 


TABLE I 


Results of trials to determine the retention of raspberry vein chlorosis virus by Aphis idaei 
feeding on healthy strawberry and raspberry indicator plants 











Test feeding Transmissions* on K-1 
Experiment Indicator in days) 1st transfer 2nd transfer 
a Strawberry 1 3/14 5/14 
b Strawberry 2 5/5 3/5 
c Raspberry 1 2/2 0/2 
d Raspberry 1 7/14 0/14 





*Numerators indicate the number of transmissions; denominators indicate the number of plants inoculated. 


A number of transmissions were attempted using A. rubi as a vector and 
Washington raspberry with RVC as a virus source. None of the test plants 
became infected; this result confirms the work of Cadman and Hill (2). 


OCCURRENCE OF DISEASE AND VECTOR 

During the past 10 years, most raspberry varieties that are grown in British 
Columbia have been observed in the field and indexed to test plants in the 
greenhouse to determine their virus content. From field observations, veri- 
fied by indexing, all stocks of Lloyd George proved to be infected with RVC. 
This does not necessarily mean that there has been virus spread within this 
variety; it is more probable that the initial stock was completely infected 
at the time of importation from England about 30 years ago. Symptoms of 
vein chlorosis have not been seen in field plantings of other varieties, nor has 
the virus been detected by indexing. Hence, it is reasonable to conclude that 
infection is confined to the variety Lloyd George and that virtually no field 
spread has occurred locally. 

The reason for the absence of field spread became evident when observations 
were made on the aphid fauna on raspberries. In coastal British Columbia, 
the majority of varieties harbor only one aphid species, namely the large 
raspberry aphid, A. rubi. Lloyd George is immune from the American strain of 
A. rubi and plantings of this variety are normally free of aphids. However, 
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in the course of examining raspberries for aphids, some small plantings in 
Vancouver were found to harbor a few, and these were subsequently identified 
as A. idaei. This species has not been found in the major raspberry growing 
area of the province. Presumably the species was introduced from Europe as 
eggs on the Lloyd George plants and, being poorly adapted to the environ- 
mental conditions in British Columbia, it has remained confined to a few 
isolated plantings. 

In British Columbia, the biology of A. idaez differs from the biology of this 
species studied in England by Dicker (3) and in Scotland by Hill (5). In both 
of these regions, colonies of apterous viviparous forms can be found at the tips 
of young canes, where they distort the stems and leaves. The distinct pucker- 
ing and leaf curling are a means of detecting infestations during May and June, 
and the common name “‘leaf-curling raspberry aphid’ has been applied to 
this species by Dicker (4). Alate viviparae appear next, and with their dis- 
persal, sparse colonies on the lower surface of the leaves remain during the 
summer. Presumably, because of some critical environmental difference 
between British Columbia and Britain, large spring colonies do not develop 
in field plantings in this area. Throughout the growing season only the solitary 
summer forms have been found and the distinctive leaf-curling has never been 
observed in the field. When aphids were transferred from field to greenhouse 
plants, colonies comparable to those in Europe were formed, and the distinctive 
leaf-curling appeared. 


Discussion 

In this work, no attempt was made to ascertain the number of virus strains 
involved in the vein chlorosis disease. All of the virus-free Lloyd George and 
Washington raspberry plants that were infected by means of the aphid 
A. tdaei exhibited about the same intensity of symptoms with the exception 
of one plant, which showed symptoms of a milder type. This mild isolate 
originated from the same source plant as isolates inducing a more severe 
symptom, hence the tests demonstrated that a single plant can be infected 
with more than one type of vein chlorosis virus. Also, there was considerable 
variation in intensity of symptoms from leaf to leaf on a single infected plant. 
The symptom variation within a single plant made it difficult to correlate the 
results obtained here with those reported in Scotland, where the terms mild, 
moderate, and severe vein chlorosis were used to designate varying degrees of 
symptom severity. Hence, in view of the limited nature of the studies reported 
here, only the one term, raspberry vein chlorosis, is being used. Strains of 
RVC probably exist, but to categorize them will require considerably more 
experimental work. 

Studies on the retention of RVC by infective aphids yielded contradictory 
results. The virus persisted longer in aphids that were fed on strawberry and 
in those that were held without food, than in aphids fed on raspberry. This 
may be explained by assuming that the rate of virus loss by aphids is pro- 
portional to the time the aphids spent feeding after they had left the source 
of inoculum, rather than to time only. Strawberry, being an unnatural host 
for the aphid, probably is not attractive as a food source, and this causes the 
aphid to feed sparingly, hence the virus is lost at a slower rate than when the 
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aphid feeds on raspberry, the natural host. The fact that aphids that are not 
feeding also retain the virus longer than those that are feeding on raspberry 
lends support to this hypothesis. 

These preliminary studies on the vector—virus relationships of RVC indicate 
that the virus belongs to the general category of semipersistent viruses. Two 
other semipersistent raspberry viruses having A. rubi as a vector, rubus 
yellow net and black raspberry necrosis, are readily acquired by aphids 
within an hour and are lost by feeding aphids within a few hours, but are 
retained by fasting aphids for longer periods. (7). The chief difference in 
vector relationships between these two viruses and RVC is in the length 
of the acquisition access period required to become infective; A. tdaei required 
considerably longer to acquire an infective charge of RVC than is required 
by A. rubi to acquire the viruses that it transmits. 
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STUDIES OF MEIOSIS IN THE GENUS SAXIFRAGA OF THE 
PACIFIC NORTHWEST' 


KATHERINE I. BEAMISH? 


Abstract 


A cytogenetic study of the genus Saxifraga in the Pacific Northwest has been 
initiated as a contribution toward a better understanding of relationships within 
the genus. The present paper reports work done on nine species or groups of 
morphologically similar species and varieties (each group termed a “‘plexus’’) 
which have so far been studied. The nine species or groups of species are S. tolmiei, 
S. bronchialis, S. integrifolia, S. ferruginea, the S. montanensis plexus, the S. 
occidentalis plexus, S. odontoloma, S. lyallit and S. mertensiana. Meiosis in pollen 
mother cells of one species was found to be generally regular, pollen fertility 
high. In every other species or plexus a variable and sometimes very high degree 
of meiotic irregularity was present. Pollen fertility was often much reduced. The 
cause of meiotic disturbances has not yet been discovered. Consideration is given 
to the ways in which the species may succeed in spite of reduced pollen fertility. 
Such irregular meiotic divisions would be difficult to use in cytogenetic studies as 
a standard for comparison with meiosis in artificial hybrids. 


The Pacific northwest produces a varied and interesting flora whose cyto- 
genetic relationships are still to be explored. Existing floras and monographs 
are based mainly on morphological and ecological data and less often on 
chromosome counts. Few attempts have been made to go beyond this into the 
more detailed techniques of cytogenetics. Moreover, those cytogenetic studies 
which have been made tend to draw on living material from the American 
northwest southward rather than from British Columbia northward. Even the 
monographs which cover genera represented in the Canadian northwest seldom 
present cytogenetic data for this part of the range. 

The lack of cytogenetic studies of northwestern plants could be interpreted 
to indicate that relationships in the northwestern flora are simple and clear-cut. 
This is not the case. Plant evolution in this region has been complicated by 
factors including extremes of environment, effects of glaciation, polyploidy 
(both euploidy and aneuploidy), and hybridization. The result is a flora con- 
taining many genera of higher plants (Amelanchier, Philadelphus, Saxifraga, 
and Fragaria, to mention just a few) in which relationships are doubtful and 
names difficult to apply. Obviously no technique should be overlooked which 
would contribute to a sound basis for classification. 

With the cytogenetic approach in mind several confusing genera have been 
chosen for study and a project initiated on a long-term basis. Work was begun 
on the genus Saxifraga. The original intent was to analyze meiosis in the species, 
compare it with meiosis in artificial hybrids, and thus obtain information 
regarding relationships within the genus. However, meiosis in the species has 
proved so irregular that it appears of little use as a standard of comparison. In 
fact, it has become a problem in itself. This report presents the problem. 

1Manuscript received February 2, 1961. 

Contribution from the Department of Biology and Botany, University of British Columbia, 


Vancouver, British Columbia. 
2Department of Biology and Botany, University of British Columbia. 
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Many representatives of the genus Saxifraga are found in the flora of British 
Columbia and the Pacific northwest generally. Some of these belong to morpho- 
logically quite distinct species; most belong either to groups of closely related 
species and varieties or to variable species bearing, as a result of their varia- 
bility, a confusion of names. The first difficulty in a detailed study of such a 
genus is the choice of names by which to call the various taxa until their natural 
relationships have been worked out. The system adopted here is the grouping 
of morphologically very similar taxa into a plexus under one of the names in 
common use. It should be noted here that the names included in a plexus 
represent the taxa to which these names have been applied in the Pacific 
northwest, not necessarily the taxa to which the names were originally applied. 
Distinct species, then, are called by their generally accepted names. Where 
there is doubt about relationships or confusion in synonymy, or both, the term 
“plexus” has been used. Within a plexus only further study can determine the 
correct application of names. 

Chromosome counts for many species of Saxifraga, made most often from 
mitotic division, have been recorded by previous authors. Few of these counts 
pertain to species found in the Pacific northwest or, if the species is circum- 
boreal, the material studied was collected in some other part of the range. All 
counts which bear on the present investigation are referred to in Table I and 
also in the discussion of the species or plexus concerned. 

Very few accounts of meiosis in any Saxifraga species are available. Schoen- 
nagel (13) discusses phylogeny within the family Saxifragaceae. His work is 
based in part on chromosome numbers, many of them obtained from first 
metaphase of meiosis. However, concerning the course of division he makes only 
the general comment that, within the family, meiosis in pollen mother cells is 
regular. The species of Saxifraga on which he reports do not occur in the 
Pacific northwest. 

Skovsted (14) has done extensive work on the tribe Saxifrageae. He too was 
primarily concerned with chromosome numbers, though some of his counts 
were made from meiotic figures. He reported secondary pairing, univalents, 
and quadrivalents in cultivated material of S. bronchialis (2n=ca. 150) grown 
in Denmark, univalents in S. caespitosa, regular division in S. oppositifolia, and 
destruction of meiosis in S. cernua. All these species occur in the Pacific north- 
west though Skovsted’s material was collected elsewhere. In several other 
species not found in this area, he also saw univalents, quadrivalents, or second- 
ary pairing. 

Hamel (9) published a list of chromosome counts in the genus Saxifraga, 
some of them made from cells in meiosis, but his interest lay in the idiograms 
rather than in the meiotic process. 

A few other papers, dealing less extensively with Saxifraga, have recorded 
meiotic counts and pictured meiotic stages. In general, however, information 
on the progress of division is extremely scant. 


Materials and Methods 
Field work up to the present has been done mainly across southern British 


Columbia as far east as Revelstoke. Areas concerned in the present report are 
located on the maps in Figs. 1 to 3. Live plants, herbarium specimens, and fixed 
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buds were collected from the same population wherever possible. Live material 
has been planted in the botanical garden of the University of British Columbia 
for future study. Dried specimens have been deposited in the herbarium of the 
University of British Columbia. Previous to 1960, buds were mass-collected 
from each population and fixed in 3:1 ethyl alcohol and acetic acid. In the 
summer of 1960 all collections were made on an individual-plant basis so that 
differences in behavior during meiosis could be recognized if they occurred. 
For chromosome studies, anthers were squashed in acetocarmine containing 
ferric acetate. A few mitotic counts were made by squashing ovules. Stain- 
ability in acetocarmine was used as a measure of pollen fertility. Collection data 
and chromosome numbers appear in Table II for those collections where 
voucher specimens are available. 


Observations 

Each species or plexus studied is discussed below in detail. The first two, 
S. tolmiei and S. bronchialis s. 1. are leafy-stemmed saxifrages belonging, 
according to Engler and Irmscher (7), to the two sections Boraphila and 
Trachyphyllum respectively. As suggested by the treatment of Engler and 
Irmscher, they are morphologically distinct except for their caulescent habit 
and generic characteristics. 

The next four species or groups of species, S. integrifolia, S. ferruginea, the 
S. montanensis plexus, and the S. occidentalis plexus, are acaulescent each with 
a rosette of cuneate to rounded basal leaves, short rootstock, and naked scape. 
Each grows quite commonly where drought is severe in summer. All belong to 
Section Boraphila of Engler and Irmscher (7). 

The last three species discussed, S. odontoloma, S. lyallii; and S. mertensiana, 
are also placed by Engler and Irmscher (7) in Section Boraphila. They too are 
acaulescent but otherwise are unlike the previous group, especially in their 
preference for a moist habitat. S. odontoloma and S. mertensiana have orbicular, 
cordate leaves while those of S. lyallii are cuneate. S. odontoloma and S. lyallit 
have creeping rootstocks and grow most frequently in or near running water. 
S. mertensiana, on the other hand, has a short rootstock and grows in moist 
rock crevices, sometimes near running water. 

1. S. tolmiei T. & G. usually grows on rocky alpine slopes and perhaps for 
this reason is hard to grow in cultivation. Therefore, although it is quite 
common on high mountains across southern British Columbia, it has not been 
readily available for cytological study. Material has been collected from only 
one site, Mt. Seymour Park near Vancouver (Fig. 1) where the species grows 
in rocky draws and gulleys as low as 1500 m. 

S. tolmiei, morphologically very distinct from all other northwestern species, 
has 15 pairs of chromosomes (Fig. 4), larger than those of other species studied. 
Although some irregularity was observed in meiosis, pollen fertility was high. 

Asexual reproduction in this species is apparently accomplished only by 
branching and rooting at the nodes. 

2. S. bronchialis L. All populations of this species which have been studied 
to date belong to ssp. austromontana (Wiegand) Piper according to a recent 
treatment by Calder and Savile (3). The subspecies occurs very commonly on 
rock bluffs and outcrops at elevations of 300 to 2600 m. Plants of four popula- 
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tions from the areas indicated in Fig. 1 have 13 pairs of chromosomes (Fig. 5). 
This number agrees with the count published by Calder and Savile (3) for a 
single plant from Salvus, British Columbia, but differs widely from figures 
recorded previously (Table I). Regular meiotic divisions and high pollen fer- 
tility have been found in all cases. 
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Fic. 1. Areas in which collections were made for cytological studies of S. tolmiei and 
S. bronchialis. 





Like S. tolmiet, S. bronchialis s.\. creeps and roots to form large mats. This 
appears to be its only means of asexual reproduction. 

3. S. integrifolia Hook. extends into the northwest only as far as southern 
Vancouver Island, the Gulf Islands, and the lower mainland coast of British 
Columbia. It is found commonly on rock bluffs near the sea or in meadows 
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Fic. 2. Areas in which collections were made for cytological studies of S. integrifolia, 
S. ferruginea, the S. montanensis plexus, and the S. occidentalis plexus. 
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and on rock outcrops, essentially at sea level, where there is moisture during 
the blooming season (April and May) but severe drought later in the summer. 

S. integrifolia has 19 pairs of chromosomes (Fig. 6) in three of the populations 
studied, approximately the same number in two others, and in still two more 
the plants were too mature for chromosome counts. The areas in which popu- 
lations were sampled are mapped in Fig. 2. Irregularities of division were found 
in all stages of meiosis from metaphase I| to pollen formation. At metaphase I 
univalents or bivalents frequently stood off the plate (Fig. 7). Laggards 
remained on or near the plate at anaphase I (Fig. 8) and chromosomes were 
excluded from both nuclei at the end of the first division (Fig. 9). The second 
division suffered similarly. At metaphase II, anaphase II, and telophase II 
chromatin was often seen in the cytoplasm (Fig. 10). Later, among the micro- 
spores of a tetrad, small extra spores were frequently visible or chromatin 
could be seen in the microspore cytoplasm (Fig. 11). Pollen fertility was more 
or less impaired in all cases. 

Mass-collected material revealed all these irregularities but told nothing of 
their distribution from plant to plant. The study of individual plants was 
undertaken in 1960. Since the purpose was a survey of irregularities rather than 
a detailed analysis of their kind or causes the meiotic stages examined were 
those giving the clearest picture. For this reason metaphases and anaphases 
were included only when they were in lateral view or very late stages respec- 
tively. Unfortunately, the limited number of flowers per plant made it impos- 
sible to record all stages for each plant. 

Table III, dealing with S. integrifolia, is indicative of the results obtained. 
The three populations listed grew less than eighty miles apart, all of them on 
or near the sea shore. Collections were made in the field during the usual 
blooming season and under usual weather conditions. Pollen fertility is con- 
siderably less than complete in every case and in populations 60001 and 60005 
it is apparently accompanied by meiotic irregularity. 

The populations at Qualicum River and Comox (60005 and 60006) were too 
mature for complete study but have been included to show what can happen 
to pollen production in natural populations under their ‘‘normal” growing 
conditions. As can be seen in Table III, the results are suggestive of an almost 
complete destruction of meiosis. First metaphase of plant number 60005-1 
is illustrated (Fig. 12). 

S. integrifolia produces new crowns from old rootstocks. These probably 
eventually break free to become separate plants. No other form of asexual 
reproduction is apparent. 

Hamel (9) determined the chromosome number of S. integrifolia to be about 
28 pairs. He counted a polar view of first metaphase but he states that he was 
uncertain of the number because of difficulty in getting all the chromosomes in 
one plane. 

4. S. ferruginea Graham, like S. integrifolia, grows on rock bluffs and out- 
crops but occurs at elevations from sea level to 2600 m and, in suitable sites, 
over most of southern British Columbia. 

In 10 of the 16 populations of this species examined the haploid chromosome 
number found was 19 (Fig. 13) and in three others approximately the same. In 
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the three remaining no count was possible. The areas from which populations 
were examined are mapped in Fig. 2. Irregularities of division were found in 
all populations. A small bivalent or a single chromosome was often seen lagging 
on the plate at first anaphase (Fig. 14). Sometimes it was dividing but too late 
for inclusion in the telophase I nuclei (Fig. 15). As in the case of S. integrifolia 
miniature microspores appeared among the tetrads (Fig. 16) and pollen fertility 
was noticeably reduced (Fig. 17). 

In at least one population the degree of irregularity varied considerably from 
one year to another. Plants from Bowen Island, about 20 miles from Vancouver, 
have been studied in the field in two successive years. Material collected in 
1958 had abnormal microspores in over 50% of 500 pollen tetrads examined 
(Fig. 16). In 1959, a sample from the same population contained abnormal 
microspores in only about 15% of tetrads. The difference from one year to 
another suggests that meiosis in this species may be sensitive to environmental 
conditions. 

S. ferruginea reproduces freely by the development of plantlets which replace 
some or all of the flowers in an inflorescence and which eventually fall to the 
ground and root. Such a mechanism could compensate for any loss of repro- 
ductive capacity resulting from poor pollen production. 

5. The S. montanensis plexus (probably including S. columbiana and S. 
nidifica of northwest American authors) occurs at altitudes of 1000-1300 m 
in open or semiopen grasslands of the southern Interior Dry Belt of British 
Columbia. Where the plexus occurs its representatives are common but, at 
least in this province, its distribution is relatively limited. Its habitat is moist 
in spring but becomes extremely dry soon after blooming season. 

The S. montanensis plexus has been studied in detail in two successive seasons 
and from two populations near Princeton (Fig. 2). Plants of both populations 
have 19 pairs of chromosomes (Fig. 18). In 1959 buds from both populations, 
collected on the same day, gave every evidence of 90 to 100% pollen sterility 
(Fig. 19). Meiotic divisions in most flowers were irregular at all stages. Where 
irregularities occurred they were extreme: several chromosomes off the plate at 
first metaphase, several laggards at first anaphase, chromatin lost in the cyto- 
plasm during second division (Fig. 20), extreme clumping of chromatin (Fig. 
21), and so on. Jn 1960 irregularities were again present in both populations 
but were much less extreme. As suggested in reference to S. ferruginea, environ- 
ment may have affected meiosis. 

The S. montanensis plexus, like S. integrifolia has no visible means of repro- 
ducing asexually other than the formation of new crowns on old rootstocks. 

6. The S. occidentalis plexus (probably including S. rufidula of northwest 
American authors) is found at elevations of 1500 to 2500 m growing on rock 
slides and outcrops which become very dry in summer, Its distribution in 
southern British Columbia appears to be general in suitable sites. 

The areas from which collections have been made are shown in Fig. 2. In 
four populations the haploid chromosome number has been determined as 19 
(Fig. 22) and in two others approximately the same. As in the three previous 
groups, meiosis in the S. occidentalis plexus was found to be irregular in all 
populations. As before, irregularities included first anaphase laggards, chro- 
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matin lost in the cytoplasm during second division, small extra microspores, 
and 0-100% pollen sterility. 

The S. occidentalis plexus produces new crowns from old rootstocks but 
otherwise appears to depend on sexual reproduction. 

7. S. odontoloma Piper. This species, which has been travelling for some time 
under the name ‘‘S. arguta D. Don,” has been reclassified recently by Calder 
and Savile (4). It grows very generally across southern British Columbia most 
often along streams at elevations from 1200 m to timber line. The areas from 
which five populations were studied are shown in Fig. 3. In three of the popu- 
lations the haploid chromosome number counted was 24 and in the other two 
approximately the same. In four of the five populations meiosis proceeded 
regularly. Pollen production was good except from one location in Manning 
Park where the young grains were not well rounded and stained only lightly. 
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Fic. 3. Areas in which collections were made for cytological studies of S. odontoloma, 
S. lyallit, and S. mertensiana. 


(Base map by Department of Geography, University of British Columbia.) 





Fics. 4-16. Photomicrographs. Chromosome numbers and meiotic irregularities in 

Saxifraga species. X 3500 
1G. 4. S. tolmiei. Diakinesis, n=15. 

Fic. 5. S. bronchialis. Diakinesis, n = 13. 

Fic. 6. S. integrifolia. Diakinesis, n = 19. 

Fic. 7. S. integrifolia. Metaphase I with one univalent chromosome. 

Fic. 8. S. integrifolia. Late anaphase I with separating laggard which will probably be 
excluded from the telophase I nuclei. 

Fic. 9. S. integrifolia. Interphase with chromatin left in the cytoplasm. 

Fic. 10. S. integrifolia. Metaphase II with chromatin in the cytoplasm off the meta- 
phase plates. 

Fic. 11. S. integrifolia. Microspore with chromatin in the cytoplasm. 

Fic. 12. S. integrifolia. Disrupted metaphase I. 

Fic. 13. S. ferruginea. Polar view of metaphase I, »=19. 

Fic. 14. S. ferruginea. Anaphase I with lagging bivalent. 

Fic. 15. S. ferruginea. Anaphase I with a lagging bivalent separating but unlikely to 
be included in the telophase I nuclei. 
Fic. 16. S. ferruginea. Normal and small microspores still within the pollen mother cell. 
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Fics. 17-22. Photomicrographs. Chromosome counts and meiotic irregularities in 
Saxifraga species. X 3500 
Fic. 17. S. ferruginea. Two apparently viable pollen grains, one large grain failing and 
one micrograin. 
18. The S. montanensis plexus. Diplotene, n= 19. 
The S. montanensis plexus. Empty pollen grains. 
S. montanensis plexus. Anaphase II with laggards. 
The S. montanensis plexus. Extreme clumping of chromatin. 
S. occidentalis plexus. Anaphase I, n=19. 
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The fifth population, also from Manning Park, produced the same range of 
abnormalities as has already been described for other species. The two Manning 
Park collections were not made at the same time. 

S. odontoloma reproduces readily from creeping stems on or below the surface 
of the ground. 

8. S. lyallii Engl. is a high elevation species growing along streams from 
below timber line up to 2500 m. It ranges widely over southern British Colum- 
bia from the coast to the Rocky Mountains. 

Meiosis has been studied in plants from five populations (general areas shown 
in Fig. 3) but always from a scant amount of material. (In the field flower buds 
have not been found in the right stage of maturity and in the garden S. lyallit 
blooms poorly.) In two collections the haploid number most often counted was 
29. Meiosis appeared to proceed with only minor irregularities in three of the 
five populations. Cultivated plants of the other two populations (from Lihumit- 
son Lake south of Chilliwack) have been completely pollen sterile in two 
successive years. Meiotic irregularities of all sorts are extreme. A count of 
mitotic chromosomes in a dividing cell of ovular tissue revealed a diploid 
number of about 53 chromosomes. The plants have a morphological resem- 
blance to S. odontoloma especially in their leaf shape. Since pollen fertile plants 
of S. lyallit and S. odontoloma were found in the same general area these pollen 
sterile individuals may well be hybrids between the two. 

S. lyallii, like S. odontoloma, forms mats from creeping and rooting stems. 

9. S. mertensiana Bong. is another mountain species ranging very generally 
over southern British Columbia at altitudes from 1000 to 2500 m. It grows 
along streams or in moist rock crevices in sun or partial shade. 

Very little material of S. mertensiana was available for cytological study. 
Only one population, from Elk Falls, Vancouver Island, bloomed in cultivation 
and it proved to be almost completely male sterile by a lack of anthers. The 
same characteristic appeared to be constant in the same season at Elk Falls. 
Plants from Manning Park, collected in their native habitat, produced anthers 
but meiosis was so irregular and pollen sterility so complete that environmental 
effects might again be suspected. The only chromosome count obtained (m= 
ca.24) was made from a mitotic division in ovular tissue of a plant from Mt. 
Arrowsmith, Vancouver Island. The areas from which material was collected 
for cytological study are shown in Fig. 3. 

S. mertensiana produces quantities of small bulbils which may replace many 
or all of the flowers in an inflorescence. 


Discussion 

Evolution in the genus Saxifraga has proceeded, in part at least, through the 
occurrence of both euploidy and aneuploidy. This fact is evident from the 
chromosome counts reported by a number of workers: Skovsted (14), Bécher 
(1), Flovik (8), Léve and Léve (10), Bécher and Larsen (2), Hamel (9), 
Sokolovskaia (15), and others. Basic numbers 8, 9, 10, 11, 12, 13, and 14 are 
recorded by Darlington and Wylie (6). Polyploids of these are listed by both 
Darlington and Wylie (6) and the Index to Plant Chromosome Numbers (5). 
As yet, however, nothing is known of the origin of such an array of basic 
numbers or the cytological relationships of the species possessing them. The 
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present paper does not solve the problems but it does provide preliminary 
information which must be considered in finding the solution. 

Not all the northwestern species have been examined yet but the nine dis- 
cussed here are representatives of two different sections of the genus according 
to Engler and Irmscher (7). They vary in their haploid chromosome numbers 
and in their meiotic behavior. They are, therefore, probably indicative of what 
may be found in other species and the data obtained from them may safely be 
considered in relation to more complete studies of the genus. Two important 
points have emerged: 

1. Meiotic abnormalities and impaired pollen fertility were common or even 
frequent in seven out of nine groups studied (S. integrifolia, S. ferruginea, the 
S. montanensis plexus, the S. occidentalis plexus, S. odontoloma, S. lyallii, and 
S. mertensiana). Some irregularity occurred in S. tolmiet. Only S. bronchialis 
ssp. austromontana was reasonably regular in its meiotic behavior. This pre- 
valence of meiotic disturbance and consequent reduction in fertility are sur- 
prising in species depending on sexual reproduction. 

Three possible explanations come to mind for the maintenance of species in 
spite of reduced fertility. First, environmental factors may be responsible for 
the disturbances, and the adverse circumstances may not occur frequently 
enough to be a problem in perpetuating the species. That environmental con- 
ditions can affect meiosis has been known for many years. Sax (12) in 1937, 
working on the genus 7radescantia, reported severe effects on meiosis produced 
experimentally by extreme changes in temperature. The irregularities which 
he found included asynapsis, suppression of chromosome segregation at first 
anaphase, fused chromatids, and fragments in both first and second anaphase, 
etc. Extreme environmental conditions could conceivably produce the same 
effects in nature but here such extremes would not be likely to happen fre- 
quently in the normal habitat of any plant. 

Skovsted (14) reported complete disruption of meiosis in anthers of S. cernua 
collected in Norway. He suggested climatic shock, possibly extreme cold, as 
the cause. 

In the present study, S. ferruginea and S. odontoloma populations were found 
to undergo meiosis more irregularly one season than the next. The difference, 
as was suggested earlier, could have been environmentally produced. However, 
three populations of S. integrifolia, growing under apparently similar condi- 
tions, were far from uniform in their meiotic behavior (Table III). Here 
environment is difficult to accept as the cause of the disturbance. 

Second, there may be certain genes, gene combinations or chromosomal 
rearrangements in a population which produce the observed phenomena only 
in those plants where they occur. Other individuals may undergo more regular 
meiosis and reproduce freely. The individual-plant study of S. integrifolia 
(Table III) suggests no such situation in at least two populations of this 
species. In the third population all individuals examined behaved in more or 
less the same way but each produced what was no doubt sufficient pollen to 
ensure seed set. 

The third explanation for the perpetuation of species with reduced fertility 
is the occurrence of apomixis. Stebbins (16) includes ‘“‘reproduction by means 
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of bulbs, bulbils, runners, layers, etc.’’ as forms of apomixis. On the basis of 
this definition S. ferruginea and S. mertensiana (and other species of the genus 
not included here) are apomictic. Perhaps other less obvious forms of apomixis 
also operate within the genus. 

2. Whatever the cause of the irregular meiotic divisions and whatever their 
effect has been on the maintenance and evolution of the species, one thing is 
certain: plants undergoing meiosis in so irregular a fashion would be difficult 
to use in a cytogenetic program. Even where crosses could be made they would 
provide a poor standard for comparison of meiosis in parents and artificially 
produced hybrids. 

The immediate need, therefore, seems to be more detailed study of the 
effects of environment on meiosis in Saxifraga and the extent of apomixis. 
Only after progress is made on these problems can progress be made on the 
larger problem of relationships within the genus. 
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A CLOSED-CIRCUIT APPARATUS WITH AN INFRARED CO, 
ANALYZER AND A GEIGER TUBE FOR CONTINUOUS 
MEASUREMENT OF CO, EXCHANGE IN 
PHOTOSYNTHESIS AND RESPIRATION! 


G. R. Lister, G. KrotKov, AND C. D. NELSON 


Abstract 


An apparatus is described which permits continuous monitoring of the con- 
centration of both the total and radioactive carbon dioxide around an experi- 
mental plant. The apparatus consists of a closed circuit of tubing into which are 
introduced a plant Sauter, an infrared CO2 analyzer, a Geiger tube, and a 
pump. Continuous records are obtained rom which are calculated the amoun s 
of total carbon dioxide and C™ absorbed or evolved by a plant. With an apparatus 
2.03 liters in volume, evolution or absorption of amounts of CO: as small as 0.01 
mg were measured. The time necessary to observe a change in the concentration 
of C™ in the chamber (i.e. the lag time) is less than 2 seconds. The corresponding 
value for the total carbon dioxide is 7 seconds. 

Experiments on the respiration and photosynthesis of detached shoots 
of Pinus resinosa in an atmosphere containing CQO, are described as an example 
of the use of the apparatus. The external C“O, was continuously diluted with 
CO, in both light and dark. However, evolution of carbon dioxide in the light 
(light respiration) was only about 20% of that in the dark (dark respiration). 


Introduction 

Among the various methods suggested for the observation of the rates of 
respiration and photosynthesis, those based on the determination of CO, 
and O, exchange have been preferred to all others. Observations made with 
such methods are quantitative and often can be made repeatedly on the same 
experimental material. 

The Pettenkoffer method, based on the absorption of the respired carbon 
dioxide in standard alkali and subsequent titration of the residual alkali, 
for years has been the method most commonly used by botanists. By switch- 
ing one Pettenkoffer tube after another into the air stream by means of a 
clock, it is possible to obtain a series of consecutive rates (1). Progress curves 
also have been obtained by observing changes in the electrical conductivity 
of alkali after absorption of respired carbon dioxide (6, 17, 21). 

None of these methods, however, permit direct and continuous observation 
of changes in the concentration of carbon dioxide around the plant. Within 
the last 25 years a method based on the absorption of infrared radiation by 
carbon dioxide has been suggested (11). McAlister (19, 20), Scarth et al. (25), 
and Huber (15) may be mentioned as the earliest workers who used this 
method for the determination of the rates of respiration and photosynthesis 
in plants. These workers had to construct their own infrared CO, analyzers 
(I.R.C.A.) and this required knowledge of physics often beyond that of an 
average botanist. Since those earlier days, several English, American, and 

1Manuscript received December 21, 1960. 
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German instruments have appeared on the market and within the last 5 years 
several papers have been published involving their use. 

There are two possible ways of using an I.R.C.A. to measure carbon dioxide 
exchange in a plant. One involves the use of an open and the other of a closed 
circuit. In an open-circuit apparatus the incoming air is divided into two 
streams. One of these goes directly into the I.R.C.A. and its analysis indicates 
the initial carbon dioxide content. The other stream first enters the plant 
chamber and only then goes through the I.R.C.A. Both streams, having 
passed through the I.R.C.A., are discharged to the outside. Knowing the rates 
of the air flow, one can calculate the absolute amounts of carbon dioxide 
either absorbed or evolved by a plant per unit time. An open-circuit apparatus 
has been used to study the interrelationship between the carbon dioxide 
metabolism and photoperiodism in Kalanchoe (12, 27), respiration of conifer 
needles during desiccation (22), effect of light intensity on photosynthesis 
(2), photosynthesis in sun plants (4), photosynthesis in spruce (23), effects of 
petroleum oils on respiration (13), effects of Ryania and ryanodine on photo- 
synthesis (14), effect of ozone on respiration and photosynthesis (28), and 
photosynthesis in woody plants (24). 

In a closed-circuit apparatus the same air is circulated through the plant 
chamber and an I.R.C.A., while changes in its carbon dioxide content are 
continuously recorded. Knowing the total volume of the whole apparatus 
and the concentration of carbon dioxide in it, one can calculate the absolute 
amounts of carbon dioxide either absorbed or evolved by a plant per unit 
time. A closed-circuit apparatus has been used for the study of photo- 
synthesis in Pelargonium (26), conifers (3), Mimulus (9), tobacco (10), Scotch 
pine (7), respiration in several species of higher plants (8), and photo- 
synthesis in Norway spruce (5) and in barley (29). 

Both open and closed circuits have their advantages and disadvantages. 
The first is simpler, but is less suitable for making observations of the absolute 
rate of carbon dioxide exchange over very short periods of time. Moreover, 
since air from the plant chamber is discharged to the outside, the open- 
circuit type cannot be used with C™Q»,. 

Only one paper has been published on the simultaneous, continuous obser- 
vation of changes in the total and radioactive carbon dioxide exchange in 
higher plants (29). Unfortunately, this paper does not give many details on 
the construction of such an apparatus. It has been felt that a detailed des- 
cription would be desirable. The construction of a closed-circuit apparatus 
along with two sample experiments describing its use in physiological experi- 
ments are presented in this paper. 


Description of the Apparatus 

A diagram of the closed-circuit apparatus is given in Fig. 1. Manufacturers 
of the various components are listed in Table I. Air is circulated by means of a 
pump (A). Carbon dioxide is generated in a flask (B) by the action of acid on 
sodium carbonate. The experimental material is enclosed in a transparent 
chamber (C). The C content of the gas is measured by a Geiger tube (D) 
and the total concentration of CO, by an I.R.C.A. (E). Circulation is com- 
pleted by return to the pump. The impulses from the Geiger tube and the 
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I.R.C.A. are recorded on F and G. Light from the electric lamps (H) is filtered 
through water (I) to absorb infrared radiation. The rate of air flow is observed 
on the flowmeter (J) and carbon dioxide of the air can be decreased by absorpt- 
ion in alkali contained in the bottle (K). 
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Fic. 1. Diagram of closed-circuit apparatus. For description see Table I and text. 


TABLE I 


Manufacturers of the main components of the closed-circuit apparatus 








Component 


Manufacturer 





(A) T.C. S. Sigmamotor pump 
(A) Rota-Flex pump, No. 4045 


(D) Geiger tube, No. 222 


Ratemeter, model 410 
(F) Recorder, model A.W. 
(E) I.R.C.A., model L/B 15A 


(G) Recorder 
(H) Lamps 
(J) Flowmeter 


Plastic tubing, Tygon 
type R3603 


Neoprene tubing, No. 74.985 





Sigmamotor Inc., 3 North Main St., Middleport, N.Y. 

Cole-Parmer Instrument Co., 224 W. Illinois St., 
Chicago 10, Ill. 

Anton Electronic Laboratories Inc., 1226 Flushing 
Ave., Brooklyn 37, N.Y. 

Atomic Instruments Co., Cambridge, Mass. 

The Esterline-Angus Co., Inc., Indianapolis 6, Ind. 

Beckman Instruments Inc., Fullerton, Calif.; 3433 
Bathurst St., Toronto, Ont. 

Bristol Company of Canada Ltd., Toronto, Ont. 

Westinghouse, Hamilton, Ont. 

as aes Co., 20-26 N. Moore St., New York 13, 

Canadian Laboratory Supplies Ltd., Toronto, Ont. 


Canadian Laboratory Supplies Ltd. 
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Circulating Pumps 

When experiments are carried out using C™O, the circulating pump must 
be free of leaks and easily decontaminated. For this reason peristaltic pumps 
are more satisfactory than diaphragm pumps. The Sigmamotor pump had a 
variable air flow of 100 to 2500 ml per minute. The Rota-Flex pump had a 
fixed rate of flow of 400 ml per minute. 


Chamber 

The chamber (C) was constructed of clear plastic (lucite) to accommodate 
attached or detached main or lateral branches of a seedling. Its dimensions 
were 14.5X11.2X10.5 cm and its volume was 1.71 |. Since the water filters 
did not remove all the heat at light intensities above 2000 ft-c the chamber 
was cooled. This was done by making the base and one side of the chamber 
of aluminum, 3” thick, and attaching to it a shallow aluminum box through 
which water was circulated. The total cooling surface was 268 cm. The tem- 
perature within the chamber was maintained at 25+1.5° C and was measured 
and recorded continuously by means of copper—constantan thermocouples 
linked to one channel of the Bristol recorder (G). 

The total volume of the circuit including the chamber was 2.03 liters. 
This value was obtained by dilution of a known concentration of carbon 
dioxide in the apparatus or by release of known amounts of carbon dioxide. 
Both methods gave the same result. 


Determination of C™ 

The Geiger tube (D) was hooked to a rate-meter and Esterline-Angus 
recorder (F) to give a continuous record of C™ content of the gas in the closed- 
circuit as shown in Fig. 2. 


Determination of Total CO, Concentration 

Figure 3 gives a diagram of an I.R.C.A. The principle of its operation is as 
follows: 

The two energy sources emit two infrared radiation beams, which are 
interrupted by a motor-driven chopper or shutter, operating at 10 cycles per 
second. One beam passes through the sample cell and the other through the 
reference cell. The beam passing through the sample cell has some of its 
radiation absorbed by the carbon dioxide present in it. No such absorption 
occurs in the reference cell, which is filled with nitrogen. 

These two, now unequal, beams strike the detector, consisting of two 
chambers filled with carbon dioxide at equal pressures. These chambers are 
separated by a pressure-sensitive diaphragm. Absorption of the infrared 
radiation by carbon dioxide in the detector chambers causes this gas to expand, 
exerting pressure against the diaphragm and bending it accordingly. The 
more radiation is absorbed, the greater will be the bending. 

This diaphragm is one plate of a variable capacitor, across which is applied 
a radiofrequency voltage. A very small movement of this diaphragm causes a 
change in the electrical capacitance, which is amplified and fed to the recorder. 
The I.R.C.A. measures carbon dioxide over two ranges of concentration, 
0-600 p.p.m. and 0 to 5%. Figure 4 shows a typical record that was obtained 
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Fic. 2. Record of CO: concentration obtained from the Esterline-Angus recorder; 
(A) background c.p.m., (B) c.p.m. 10%, (C) c.p.m. X10. 
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Fic. 3. Diagram of infrared carbon dioxide analyzer illustrating principle of 
operation. 


with the Bristol recorder. Total concentration of carbon dioxide, regardless 
of isotope content, was recorded every 15 seconds. 


Lights 

Aircraft landing lights were used as light source. Two lamps were used to 
obtain high light intensity spread uniformly over the plant material in the 
chamber. From a single lamp, intensities as high as 14,000 ft-c could be 
obtained over a small area (2X3 cm) at a distance of 30 inches. These lamps 
are compact and have a life of over 100 hours. If a small area in the center of 
the beam from each lamp is blanked out with a reflector, a relatively uniform 
illumination with a diameter of up to 8 inches at a distance of 30 inches can 
be obtained. Covering three sides and the top of the plant chamber with alum- 
inum foil produced a still more uniform distribution of light throughout the 
whole chamber. The spectral composition of light from these lamps is the 
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Fic. 4. Record of CO2 concentration and temperature obtained from the Bristol 
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same as that for Tungsten filament lamps burning at a filament temperature 
of 3100° K. 


Tubing 

During preliminary runs it was observed that with time there was a rise in 
the concentration of carbon dioxide within the apparatus even though it 
contained no plant material. This suggested that rubber tubing, connecting 
various components, is permeable to carbon dioxide. To test this possibility 
the I.R.C.A. and the Rota-Flex pump were connected by 50 feet of rubber 
tubing. The circuit was flushed with N» for 15-20 minutes, closed, and the 
initial concentration of carbon dioxide was determined. Circulation was then 
stopped for 1 hour, resumed, and a second reading taken. This procedure 
was repeated using nine types of natural rubber, synthetic rubber, and plastic 
tubing. Rate of entry into the various types of tubing varied from 3 to 13 ug 
per 5 feet of tubing per hour, with plastic tubing having the lowest rate. When 
plastic tubing was filled with 4% carbon dioxide, loss to the laboratory air 
was at the rate of 214 wg per 5 feet of tubing per hour. 

On the basis of these tests Tygon tubing was selected for connections be- 
tween various components of the apparatus. Neoprene was adopted for use in 
peristaltic pumps because of its resiliency. By using glass tubing whenever 
possible the total length of tubing in the apparatus could be cut down to 5 
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feet. In experiments where high concentrations of CO, are used the loss 
through the plastic tubing would have to be taken into account. However, 
throughout the concentration ranges reported in this paper the error due to 
leakage is negligible. 


Calibration of Closed-circuit Apparatus 

The apparatus was calibrated with respect to the total concentration of 
carbon dioxide, irrespective of isotope content, as measured by the I.R.C.A., 
and the total C concentration as measured by the Geiger counter. 

The I.R.C.A. was calibrated by introducing known volumes of CO, from 
a gas burette and noting the response of the recorder. The response of the 
instrument did not increase linearly as the concentration of CO: was increased. 
However, calibration curves for the 0- to 600-p.p.m. range and the 0 to 5% 
range were identical. The total error was obtained by combining the errors 
arising from the following operations: (1) calibration using the gas burette, 
(2) reading values from the chart, (3) response of the Bristol recorder, (4) 
response of the I.R.C.A., and (5) determination of the total volume of the 
apparatus. The maximum total error for any given concentration from 30 
p.p.m. to 5% did not exceed 4.5% of the observed value. 

The accuracy of the determination of C™ in the circuit was determined by 
introducing successive 3-uc aliquots of a standard solution of Na»C™O; 
obtained from A.E.C.L., Chalk River, Ontario. The total error of C™ deter- 
mination was 10% and was obtained by combining all sources of errors in 
the same way as is described above for the I.R.C.A. 

The time necessary to observe a change in the concentration of C in the 
chamber was less than 2 seconds. The corresponding value for the total 
concentration of carbon dioxide was 7 seconds. The fact that only 20% 
of the air stream was diverted through the I.R.C.A. accounts for the long 
lag time in measuring total concentration of carbon dioxide. 


The Use of the Apparatus in Physiological Studies 

As an example of the use of this apparatus for physiological studies, a 
brief description of two sample experiments on the determination of CO, 
evolution in light is given. 

The base of a detached terminal shoot of a 3-year-old Pinus resinosa seed- 
ling was inserted into a 15-ml centrifuge tube containing water, and the whole 
shoot was put into the plant chamber. The chamber was darkened and air 
circulated at the rate of 2.5 liters per minute. Respiration was observed for 
10 minutes. Then 30 uc of COs were introduced to the circuit, mixed with 
the rest of the air, and the lights were switched on. Light intensity was 2500 
ft-c. Changes in the concentrations of the total COs, irrespective of isotope 
content, and of the CO, were recorded for about 14 hours. The lights were 
then switched off and recordings were continued for another 20 minutes. The 
results obtained are given in Fig. 5. 

During illumination the carbon dioxide content first dropped rapidly, then 
more slowly, and after 55 minutes reached a constant value, which was 
maintained for the rest of the light period. This value may be taken as re- 
presenting either the threshold carbon dioxide content for photosynthesis or 
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Fic. 5. Experiment 1. Assimilation and production of COz and CO; and change in 
specific activity of carbon dioxide with time. 


the state of equilibrium, when absorption of carbon dioxide is equal to that 
of its evolution, i.e. compensation point. 

The CO, content during illumination showed a continuous decline without 
any sign of reaching a constant value. The specific activity of carbon dioxide 
was continuously decreasing, indicating dilution with CO, evolved by the 
plant. 

In experiment 1, C“O. was added at the beginning of illumination, when 
concentration of carbon dioxide in the air was still high. By the time compen- 
sation point was reached the amount of CO, remaining in the air was low 
and its determination became difficult. Therefore, in experiment 2, a detached 
pine shoot similar to that used in experiment 1 was first illuminated in the 
presence of air with 0.03% CO, until a constant low concentration of carbon 
dioxide was reached. Then 30 uc of COs (specific activity = 40 mc per mmole) 
were released and the recorded subsequent changes in the concentrations of 
total CO2, CO, and specific activity are presented in Fig. 6. 

It is clear from this figure that though total carbon dioxide content remained 
constant until lights were turned off, there was again a continuous decrease 
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Fic. 6. Experiment 2. Assimilation and production of CO: and CO, and change in 
specific activity of carbon dioxide with time. 
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in the specific activity, indicating a dilution with C’O2. A similar evolution 
of respired carbon dioxide during illumination was reported previously for 
Kalanchoe, pea, and wheat leaves (18). 

It is of interest to compare respiration in the light and in the dark. A 
summary of the pertinent data is shown in Table II. It is evident that the 
rate of CO: evolution in the light is about 20% of that in the dark. Such 
calculations are based on the assumption that C™O, assimilated in the light is 
not immediately lost from the plant. A detailed description of evolution of 
CO; in the light will be presented elsewhere. 
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SOME EFFECTS OF POTASSIUM DEFICIENCY ON THE 
METABOLISM OF THE TOMATO PLANT! 


L. H. JONEs 


Abstract 


The organic and keto acid levels in the leaves of tomato plants grown with 
varying levels of potassium were examined. As the potassium level was reduced, 
the levels of malic, oxalic, and sometimes pyruvic acids decreased, while citric, 
a-ketoglutaric, and glyoxylic acids accumulated. Total organic acids remained 
almost constant at all potassium levels, while such changes as occurred i in cation 
levels were balanced by phosphate. These relationships held for plants grown 
under widely different environmental conditions and were not affected by the 
age of the plants. It is suggested that the changes in acid balance were brought 
about by changes in the activity of enzymes concerned in pyruvate metabolism 
and by shifts in equilibrium caused by free amino acids and amides accumulated 
as a result of deranged protein metabolism. 


Introduction 

The function of potassium in the living plant is by no means clearly under- 
stood in spite of a large body of work devoted to this end. A multiplicity of 
functions has been ascribed to it and the effects of deficiency are far-reaching, 
affecting all phases of metabolism. Pirson (20) reviewed the literature in detail 
up to 1955 and some more recent work has helped to further the elucidation 
of potassium function. 

Recently reports have appeared implicating potassium as a cofactor for 
some enzymes and as an essential element for the synthesis of others. In 
particular the enzymes involved in pyruvate transformations appear to be 
affected. The specific requirement of potassium for pyruvic kinase activity 
has now been confirmed for a number of higher plant tissues (15, 16). The 
activity of phosphoenolpyruvic kinase has been shown to be irreversibly re- 
duced in potassium-deficient sweet-potato leaves (28). Kini and Quastel (9) 
report that potassium is necessary for the conversion of pyruvate to acetyl 
coenzyme A in rat brain cortex, and Lwoff and Ionesco (14) found that oxi- 
dative decarboxylation of malate in bacteria was influenced by potassium 
supply. Any such derangement in pyruvate metabolism would be expected 
to affect the acids of the respiratory cycle as well as being intimately connected 
with any changes in the amino acid balance and the glycolytic pathway, such 
as are known to occur under conditions of potassium deficiency. 

The effects of potassium deficiency on nitrogen metabolism have been ex- 
tensively studied by Richards and his co-workers (23, 24, 25), and there is 
considerable evidence for its effects on carbohydrate metabolism (20, 27, 34). 
Little is known, however, of its effects on organic acid metabolism, which 
occupies a key position between these two fields of study. 

In this paper the effects of potassium deficiency on the organic acid and keto 
acid balance in tomato leaves are examined in an attempt to bridge this gap 
in our knowledge. 

1Manuscript received November 4, 1960. 
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Materials and Methods 

Plant Material 

Tomato plants (Lycopersicum esculentum var. Carleton) were germinated 
in moist sand and transplanted after 1 week into 7-in. diameter polyethylene 
pots containing potassium-free quartz sand. The plants were fed daily with a 
modified Long Ashton culture solution (34), the amount of which was varied 
according to the size of the plants and climatic conditions in the greenhouse. 
The solutions were modified to enable the potassium levels to be varied, equi- 
molar amounts of sodium nitrate being substituted where potassium was 
reduced. Nitrogen was supplied in the form of nitrate in view of the findings of 
Clark (2), who reported that when ammonium nitrogen was supplied to tomato 
plants, growth was impaired and the organic acid levels were greatly reduced. 


Analysis of Organic Acids 

The leaf material was extracted with boiling 80% ethanol, the leaves being 
killed on harvest by boiling for 2 minutes. The flasks were then allowed to 
cool and were stored until required. The ethanolic extract obtained by com- 
bining the supernatant from five successive extractions (refluxed for 1 hour) 
was analyzed by a modification of the gradient-elution ion-exchange method 
of Palmer (19) with a preliminary separation of cations and amino acids on a 
column of Dowex 50X 8 in the hydrogen form. The effluent and washings were 
made up to a known volume and a sample titrated with 0.01 NV sodium hy- 
droxide to give “total acids’. The remainder was used for the separation of 
the individual acids. 

The identity of the organic acids was established by: (a) their position in the 
column eluate as compared with standards, (6) their Ry values on paper chro- 
matograms run in Palmer’s solvent and in the solvent F of Stark, Goodban, 
and Owens (26), (c) crystallization of the acid from the column eluate, fol- 
lowed by melting point and infrared spectrographic analysis. 

The mean recovery obtained from the column using standard acids was as 
follows: 

% recovery 


Acid (mean of three) 
Succinic 105+7 
Malic 102+6 
Citric 93+6 
Fumaric 97+6 


Oxalic acid was determined on the leaf residue after removal of the ethanol 
soluble fraction. The material was extracted with normal hydrochloric acid 
after the method of Palmer (19). No oxalate was detected in the ethanolic 
extracts. 
Analysis of Keto Acids 

The keto acids were extracted as the 2,4-dinitrophenylhydrazones from 
tomato leaf samples and purified by the method of Towers and Mortimer 
(29). Chromatographic separation was carried out using n-butanol saturated 
with 4% ammonium hydroxide on Whatman No. 1 paper by the ascending 
method. The individual spots were cut out and eluted with 4 ml of 1% sodium 





in, A TF Mm = 


As Th 





ated 
ylene 
ith a 
aried 
ouse. 
equi- 

was 
igs of 
mato 
uced. 


being 
ed to 
com- 
10ur) 
*thod 
ona 
were 
n hy- 
on of 


n the 
chro- 
Iban, 
, fol- 


as as 


hanol 
- acid 
inolic 


from 
timer 
rated 
iding 
dium 








JONES: METABOLISM OF TOMATO PLANT 595 


carbonate for 10 to 15 minutes, the supernatant was poured into colorimeter 
tubes, 1 ml of 2 N sodium hydroxide was added, and the absorbance read on a 
Klett-Summerson colorimeter using the blue filter, No. 42. Where two isomeric 
spots were formed they were eluted and read together. Standard curves were 
prepared by passing known quantities of each keto acid through the entire 
extraction and chromatographic procedure. The individual keto acid 2,4- 
dinitrophenyl-hydrazones were identified by their Ry values as compared with 
standards and by specific colors produced on spraying the paper with ethanolic 
4% sodium hydroxide (11). In addition the 2,4-dinitrophenyl-hydrazones were 
subjected to hydrogenolysis using a platinum oxide — silica gel catalyst, and 
bubbling hydrogen through the mixture, which was continuously shaken on an 
Eberbach shaker. The product was filtered, evaporated to dryness in a cur- 
rent of air, and the amino acids identified chromatographically. The hydrogen 
peroxide oxidation method of Fowden and Webb (6) was also employed in the 
identification of a-ketoglutaric acid. 


Mineral Analysis 

Sodium, potassium, calcium, magnesium, and phosphorus were determined 
by the methods of Ward and Johnston (35) on oven-dried samples harvested 
at the same time as the samples for acids were taken. Total nitrogen was 
analyzed by a micro-Kjeldahl digestion followed by nesslerization (35). Sol- 
uble nitrogen was extracted in 2% acetic acid (0.1 g dry tissue, 25 ml of 2% 
acetic acid in a Waring Blendor for 5 minutes) and was filtered on a dry 
filter paper. The filtrate was analyzed without making up to volume by the 
method described by Ward and Johnston (35). The insoluble residue was also 
analyzed as a check to give insoluble (protein) nitrogen. Ammonia and amide 
nitrogen were determined by the methods of Pucher, Vickery, and Leaven- 
worth (21), and nitrate was estimated by a phenol — disulphonic acid method 
(35). The undetermined soluble nitrogen obtained as the difference between the 
soluble nitrogen and sum of the ammonia nitrogen, the nitrate nitrogen, and 
twice the amide nitrogen was assumed to consist mainly of amino acids and is 
referred to as ‘“‘amino’”’ nitrogen. 


Enzyme Assay 

Tomato leaf acetone powders prepared from 10 g of fresh leaf tissue were 
homogenized in 30 ml of 0.05 molar TRIS buffer at pH 7.4, centrifuged, and 
samples analyzed spectrophotometrically for aconitase (22), isocitric dehydro- 
genase (10), and “‘malic’’ enzyme (18). The protein content of the extract was 
determined by the method of Warburg and Christian (33). 


Statistical Analysis 

The results of the first experiment were analyzed statistically to find the 
standard error for the means of each treatment. In subsequent experiments the 
amount of material available precluded a similar treatment of results. 


Experimental 
In order to find the effect of different levels of potassium nutrition on the 
organic and keto acids of tomato leaves, two series of plants were grown in a 
greenhouse. In the first series the levels of potassium supplied were 0.05, 0.10, 
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0.25, 0.50, and 2.0 meq/liter. Three replicate pots of each treatment were set 
up and three seedlings placed in each pot. After 6 weeks from the date of trans- 
planting two plants from each pot were harvested. A second harvest was taken 
2 weeks later, both harvests being taken between 2 and 3 p.m. All the green 
leaf material available was collected, any withered leaves being discarded. 
The results of analysis for organic acids are shown in Fig. 1. The second series 
of plants, which were used for keto acid analysis, were grown using potassium 
at 0.10, 0.25, 0.50, 2.0, and 5.0 meq/liter. In order to obtain sufficient material 
for analysis, a large number of pots was used at the lower potassium levels. The 
entire crop of leaves was used for analysis and in this case the results were not 
amenable to statistical treatment. Two harvests were taken, 1 after 4 weeks 
and the other 6 weeks from the date of transplanting. Both harvests were taken 
at 9 a.m. so that the analyses could be completed in 1 day. The levels of keto 
acids found are shown in Table |. Analysis for minerals showed a similar pat- 
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Fic. 1. Effect of various potassium levels on the organic acid content of tomato leaves. 
TABLE I 


Effect of various levels of potassium on keto acid content of tomato leaves 








Potassium level 
in nutrient Pyruvate a-Ketoglutarate 
Age of plant (meq/1.) (p.p.m. fresh wt.) (p.p.m. fresh wt.) 





4 weeks 


o 
No 
mn 
Ne 
wn 
Oa 


0.50 14 57 
2.0 20 62 
5.0 29 55 
0.10 10 106 
0.25 10 97 
0.50 15 62 
2.0 

5.0 
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tern in both these series and in all subsequent experiments, and typical data 
are given in Table II. The yields (whole plant) from both series are shown in 
Fig. 2 and it can be seen that there was an abrupt change in slope at 0.5 
meq/liter potassium which coincided with the appearance of definite deficiency 
symptoms on the leaves. 
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Fic. 2. Effect of various potassium levels.on the fresh weight of tomato plants. 


A clearly marked and consistent effect of potassium deficiency on the organic 
acid balance of the leaves was observed. At low potassium levels there was a 
considerable decrease in the amount of malate and oxalate and a corresponding 
accumulation of citrate. Fumarate also increased slightly, as did the acids 
eluted in the first fractions from the column. These included succinic, glyoxylic, 
and possibly glycolic, as well as at least two unidentified acids. It is not known 
which of these acids was responsible for the increased acidity at low potassium 
levels. The results for keto acids were less conclusive but there was evidence 
that at low potassium levels a-ketoglutarate accumulated and there was an 
indication that pyruvate could be depleted. 

In view of the results obtained from these analyses it was desirable to ascer- 
tain whether the enzymes necessary for the interconversion of these acids were 
present, and if present, whether or not they were affected by the level of potas- 
sium supplied. 

Two series of plants were grown in the greenhouse, one with 0.25 meq/liter 
potassium and the other with 2.0 meq/liter. Leaf samples were harvested for 
enzyme assay after 4 weeks from transplanting. In this experiment the “‘low- 
potassium”’ plants showed no signs of deficiency symptoms, although they were 
slightly smaller than the controls. Mineral analysis, however, showed the 
expected levels of potassium in spite of the lack of symptoms. The presence of 
aconitase, isocitric dehydrogenase, and ‘‘malic’’ enzyme (TPN-dependent 
malic dehydrogenase) was demonstrated, and there was also a TPN-dependent 
pyruvic oxidase present, TPNH being produced from TPN in the presence of 
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pyruvate. Correction was made for this in calculating the activity of “‘malic”’ 
enzyme. The results are summarized in Table III and it may be seen that in 
spite of the failure to produce deficiency symptoms, there is some evidence for 
an increased aconitase activity in the low-potassium-treated plants. 


TABLE III 


Enzyme activities obtained from leaves of tomato plants grown at two potassium levels 








Potassium level 
in nutrient, meq/I. 








0.25 2.0 

Aconitase 22.2 15.5 
AE =0.001/min. mg protein ae 13.3 
Isocitrate—aconitate 

Isocitric dehydrogenase 0.49 0.32 
AExo=0.01/min. mg protein 0.32 0.21 
Isocitrate +TPN—a-ketoglutarate+TPNH 

“Malic” enzyme 0.064 0.045 
AEs =0.01/min. mg protein 0.041 0.073 
Malate+TPN=pyruvate+TPNH 

“TPN pyruvic oxidase” 0.25 0.23 
AE: =0.01/min. mg protein 
Pyruvate+TPN=?+TPNH 

Other endogenous TPN reductases 0.64 0.24 
AE =0.01/min. mg protein 0.11 0.37 

Protein in enzyme extract 3.32 4.05 
% of fresh weight (Warburg and Christian) 4.06 3.65 

Potassium in dried leaf tissue, % 0.77 3.06 





The demonstration that active aconitase and isocitric dehydrogenase were 
present confirmed the possibility of a link between a-ketoglutarate and citrate. 
The frequent reports in the literature (23, 24, 25, 32) of an accumulation of 
soluble nitrogen compounds, especially amides, in potassium-deficient plants 
suggested that a-ketoglutarate may have arisen by deamination or transamina- 
tion from the accumulated nitrogen pool. In order to find out whether this 
increased pool did in fact exist in the tomato leaves examined, a brief survey 
of the nitrogenous fractions was carried out. It was also desirable to find out 
whether the changes in organic and keto acid balance were in fact occurring 
concurrently in the same leaf tissue. 

Tomato plants were grown in the greenhouse and fed with culture solutions 
containing 0.05 and 5.0 meq/liter of potassium. After 7 weeks from trans- 
planting, leaf samples were harvested and analyzed for organic and keto acids, 
mineral content, and aconitase activity. Other samples were quickly frozen 
in liquid nitrogen and subsequently lyophilized. The freeze-dried powders 
were analyzed for soluble and insoluble nitrogen, free amides, ammonia, and 
nitrates. 

The data for this experiment which are presented in Table IV show that 
although malate and pyruvate were not appreciably affected by the two potas- 
sium treatments, there was a marked accumulation of citrate, a-ketoglutarate, 
and glyoxylate in the low-potassium-treated plants. This was paralleled by 
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the soluble nitrogen fractions of ammonia, nitrates, and amides. Total nitrogen 
was almost unchanged, and the increase in soluble nitrogen was balanced by 
a decrease in insoluble (protein) nitrogen. The malate: citrate ratio is in reason- 
able agreement with previous results and confirmation was obtained of the 
increased aconitase activity previously found in potassium deficient plants. 


TABLE IV 


Analysis of tomato leaves grown at high and low potassium levels 








: ] p 
Potassium level | Potassium level 














in nutrient, in nutrient, 
meq/I. | meq/1. 
Substance Substance 
analyzed 0.05 5.0 | analyzed 0.05 5.0 
Fresh wt., g | Total N, 
per plant 12.7 33.7 % dry wt. 2.98 2.07 
Total acids, ueq/g || Soluble N, 
fresh wt. 222 206 % dry wt. 0.852 0.426 
“Peak I’”’ acids, | Insoluble N, 
ueq/g fresh wt. 5.38 7.0 % dry wt. 2.05 1.66 
Malate, weq/g Ammonia N, 
fresh wt. 63 67 % dry wt. 0.023 0.016 
Citrate, weq/g | Amide N, 
fresh wt. 51 23 % dry wt. 0.250 0.070 
Malate: citrate || Nitrate N, 
ratio '.23 2.9% } % dry wt. 0.030 0.018 
Pyruvate, p.p.m. | “Amino” N, 
0.299 0.252 


fresh wt. 5.6 RR | | % dry wt. 
| 


a-Ketoglutarate, Aconitase, AEa = 





p.p.m. fresh wt. 105 26 0.001 /min. mg 
protein 27 12 
Giyoxylate, p.p.m. || Protein in enzyme 
fresh wt. 34 17 extract (Warburg 
and Christian), 
% fresh wt. 4.2 3.8 





It was thought that the apparent incons stencies in the results for malate 
and pyruvate might be due to the fact that the various experiments had been 
carried out at different times of the year in different greenhouses, and that, 
owing to the slower rates of growth in the winter, harvests had been carried 
out at different stages in the plants’ development. It was also thought that 
light intensity differences might be important in regulating organic acid balance 
in view of its known effects on diurnal acid metabolism (1) and also because of 
the influence of light on the susceptibility of tomatoes to potassium deficiency 
(30). In order to study the effects of these factors potassium was fed at 0.125 
meq/liter and 3.75 meq/liter to two series of plants grown in a growth cham- 
ber, the light intensity at the growing point of one series being held at 2000 
ft-c (0.1090 g-cal/(min cm?)) and the other at 1000 ft-c (0.0545 g-cal/(min 
cm?)). The lighting conditions and light intensity measurements were as des- 
cribed by Friend (7). The other conditions in the growth chamber were as 
follows: 

Temperature: 24° C+1° (light period); 18° C+1° (dark period). 

Photoperiod: 15 hours light, 9 hours dark. Relative humidity: 70% + 20%. 
All harvests were carried out at approximately the middle of the light period. 
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ogen The changes in organic acid levels with time and the levels of the inorganic 
1 by constituents are presented in Table V, for plants grown at both light inten- 
son- sities. There was apparently little effect of light on the characteristic shift of 
the organic acid balance in potassium deficiency, and although there was a drift 
ts. in absolute levels as the plants matured, the malate:citrate ratio was con- 
sistently lower in the potassium-deficient plants. 
TABLE V 
The effect of age of plants and light intensity on the yield, mineral content, and 
el organic acid content of tomato leaves from plants grown at two potassium levels 
Light intensity 
0 2000 ft-c 1000 ft-c 
Weeks Potassium treatment 
07 from 
germina- Substance 3.75 0.125 3.75 0.125 
126 tion analyzed meq/I. meq/I. meq/I. meq/I. 
56 2 Fresh wt. per plant (g) 0.148 0.083 0.103 0.080 
3 1.68 0.32 1.03 0.30 
016 4 22.90 1.10 8.25 1.08 
5 112.13 1.78 50.43 2.35 
070 ; = i 
2 Dry wt. as % fresh wt. 13.55 11.12 7.63 7.90 
018 3 9.32 10.43 7.74 9 84 
4 10.55 9.90 8.37 8.73 
252 5 10.57 10. 66 8.50 9.23 
3 K 3.60 0.48 3.46 0.65 
4 3.06 0.82 3.49 0.80 
5 2.93 0.97 3.53 0.93 
4 Ca 1.36 — 3.26 : 
5 5 1.94 2.58 2.15 3.30 
4 Mg 0.24 — 0.65 - 
5 0.53 0.64 0.58 0.90 
alate 
3 Na 0.23 1.52 0.25 1.79 
_ 4 0.23 0.36 1.76 - 
that, 5 0.25 1.11 0.29 1.92 
— 4 P 0.79 - 0.93 1.06 
that 5 88 1.06 1.08 1.17 
ance 
é a 1 Total acidity, weq/g 578* 
se O 2 fresh wt. 260 286 196 
ency 3 338 296 165 232 
).125 4 191 216 167 147 
as 5 166 155 — 177 
ham- cai 
1 Peak 1 
2000 2 succinate, 12.1 25.8 11.6 19.0 
(min 3 glyoxylate, 4.8 19.8 3.0 15.5 
des- 4 glycolate, 6.0 $.2 3.9 6.3 
ars € 
re as 5 + others 6.9 a8 5.9 6.0 
1 Peak II 21 .3° 
2 Malate 56.4 57.0 76.0 41.6 
3 102.5 69.5 77.0 42.2 
0%. 4 17:3 50.4 87.6 38.4 
sind: 5 75.6 36.0 79.5 41.3 
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TABLE V—Concluded 


The effect of age of plants and light intensity on the yield, mineral content, and organic acid 
content of tomato leaves from plants grown at two potassium levels ( Concluded ) 








Light intensity 
2000 ft-c 1000 ft-c 














Weeks Potassium treatment 
from 
germina- Substance 3.40 0.125 3.75 0.125 
tion analyzed meq/I. meq/I. meq/I. meq/. 
1 Peak IIT $3:.6* 
2 Citrate 7.2 17.6 12.9 25.6 
3 16.3 66.3 13.2 27.6 
4 16.6 28.2 13.0 22.4 
5 12.9 12.8 14.9 19.0 
1 Peak IV — 
2 Fumarate 13.3 —— s.3 —_— 
3 4.5 — _— 6.1 
4 4.3 5.0 Lae ke: 
5 4.8 _— 14.6 3.8 
1 0.4* 
2 7.9 3.2 5.9 1.6 
3 me... 6.3 1.1 5.7 1.5 
4 Citrate 4.8 1.8 6.7 1.7 
5 5.9 re 5.3 22 





*Values of seedlings at time of transplanting. 


Because of the conflicting results obtained from keto acid determinations 
on greenhouse material, plants were grown in the growth chamber under the 
same conditions as described for the previous experiment, except that the 
light intensity was held at 1500 ft-c (0.0823 g-cal/(min cm?)) at the growing 
point. Potassium was supplied at 0.05, 0.10, 0.25, 0.50, and 2.0 meq/liter. The 
plants were harvested after 5 weeks and analyzed for keto acids. The nitrogen 
fractions were determined on freeze-dried material as before. The results, given 
in Table VI, confirm the findings of the earlier experiments in terms of the 
nature of the changes in keto acid and nitrogen balance, although the absolute 
levels of substances found differed considerably between this and previous 


TABLE VI 
Effect of various levels of potassium on keto acid content and composition 
of nitrogenous fractions of tomato leaves grown in a growth chamber 


Potassium level 





in nutrient, meq/I. 0.05 0.10 0.25 0.50 2.00 
Pyruvate, p.p.m. fresh wt. 62 65 62 69 62 
a-Ketoglutarate, p.p.m. fresh wt. 84 68 75 50 37 
Glyoxylate, p.p.m. fresh wt. 45 42 35 25 17 
Total N, % dry wt. 5.10 5.64 5.64 5.55 5.88 
Soluble N, % dry wt. t.i3 0.99 0.90 0.77 0.60 
Insoluble (protein) N, % dry wt. 3.97 4.65 4.74 4.78 5.28 
Ammonia N, % dry wt. 0.042 0.034 0.028 0.017 0.023 
Amide N, % dry wt. 0.129 0.196 0.140 0.085 0.052 
Nitrate N, % dry wt. 0.135 0.168 0.120 0.083 0.068 
“Amino” N, % dry wt. 0.695 0.496 0.472 0.500 0.405 
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experiments. These differences are understandable in view of the widely dif- 
ferent environments in which the plants were grown. 


Discussion 

The levels of acids found in the leaf are a function of the relative rates of 
synthesis, utilization, and translocation. No distinction can be made between 
these changes from measurements of the acid pool. The observed shift in 
balance, however, suggests that a number of enzymes affected by potassium in 
other tissues may also be important in the tomato leaf. It is noteworthy that 
with decreasing potassium levels, compensatory amounts of calcium, magnes- 
ium, and sodium were accumulated. The last reached very high levels, and the 
question must arise as to how much of the observed effect was due to potas- 
sium deficiency per se, and how much to a shift in the balance of other ions. In 
most enzyme systems where potassium has been implicated, magnesium acts 
as an additional cofactor, while sodium and calcium are specific inhibitors 
(20, 3). Thus the reciprocal effects of the increase in one and depletion of 
another may well contribute to the shift in metabolic balance. The total 
cation level was slightly higher at the lower potassium levels because of an 
increased uptake of magnesium and excess uptake of sodium. It is of interest 
to note that the total organic acid levels remained relatively constant, the 
decrease in malate and oxalate being balanced by the increase in citrate, fum- 
arate, and the other minor acids. The excessive uptake of sodium at the low 
potassium levels was paralleled by a similar change in phosphate, so that 
cation—anion balance was maintained without a shift in total organic acid 
levels. Ward (34) found that potato plants grown under similar conditions 
maintained a constant cation level under all potassium treatments but that 
these plants did not accumulate sodium. Cooil (4) in his experiments with 
guayule also found that a constant cation level was maintained, and reported 
a similar shift in the levels of malate and citrate to the findings described here. 

Examination of the growth curves in Fig. 2 reveals a very marked discon- 
tinuity in slope at 0.5 meq/liter of potassium in the nutrient solution. Below 
this level leaf symptoms were apparent and rapidly increased in severity as 
the potassium level was reduced. This agrees closely with the work of Wall 
(31), who described a similar effect. These curves suggest that two processes 
or groups of processes are involved, that potassium functions as an essential 
micronutrient in a vital phase of metabolism, that this requirement is satisfied 
at 0.5 meq/liter and that above this level it stimulates less essential reactions 
resulting in increased growth. In order to study the effects of deficiency on 
intermediary metabolism it is necessary to supply potassium at less than the 
critical 0.5-meq/liter level. 

Under the generally accepted biochemical scheme, phosphoenolpyruvate 
(PEP) may be either converted to pyruvate by pyruvic kinase with the for- 
mation of ATP from ADP, or it may be carboxylated to form oxalacetic acid, 
either by phosphoenolpyruvic kinase with the formation of ATP from ADP 
or with the liberation of inorganic phosphate by PEP carboxylase. The latter 
enzyme was not found by Thomas et al. (28) in their investigation. Malate 
can be formed, either from oxalacetate by malic dehydrogenase, or directly 
from pyruvate by ‘‘malic’’ enzyme. Of these enzymes pyruvic kinase is known 
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to have a specific requirement for potassium in a number of plant and animal 
tissues (15, 16) and the activity of PEP kinase is reported to be reduced in 
potassium starved plants (28). Nossal (17) found that a monovalent cation 
(K+ or Rbt) was required for ‘‘malic’’ enzyme in Lactobacillus arabinosus. The 
nding that malate was reduced in potassium-deficient plants suggests that 
these important pathways may be affected in the tomato plant. The connec- 
tion of potassium with mitochondrial phosphorylation reactions (12) would be 
expected since the production of ATP would be reduced if these pathways were 
blocked. Such a blockage would also account for the reported accumulation of 
reducing sugars. The figures for pyruvate showed extreme variations between 
experiments, and malate, although always lower under low potassium treat- 
ments, was also less consistent than citrate, a-ketoglutarate, and glyoxylate. 
However, in spite of the very wide range of conditions under which the plants 
were of necessity grown, a consistent pattern of change in organic acid balance 
was found. The decreased malic: citric ratio was always found to be associated 
with potassium deficiency under wide extremes of light intensity and in plants 
of different stages of maturity, whether grown under greenhouse or growth- 
chamber conditions. Malate and pyruvate, however, being more intimately 
connected with both photosynthesis and respiration than the other acids ex- 
amined might be expected to be more directly influenced by environmental 
conditions. 

In spite of the reduced level of malate found in deficient leaves it was found 
that the citrate levels were higher than in the leaves of the controls. a-Keto- 
glutarate and glyoxylate were also found to accumulate, and a number of pos- 
sible causes may be postulated. If a classical Kreb’s cycle operates in normal 
tomato leaves, and Link, Klein, and Barron (13) showed that all the necessary 
enzymes were present in tomato stem, then a reduced succinoxidase activity 
might result in a build-up of substrates preceding this step in the cycle. Alter- 
natively it is possible that these acids arose through transamination or 
deamination of accumulated amino acids and amides. The accumulation of 
amides in leaves under conditions of potassium deficiency was shown to occur 
together with an increase in free ammonia and “‘amino”’ nitrogen as has been 
previously reported for tomato tissues by Wall (32). In the present case, 
nitrates were also found to accumulate at low potassium levels. Any a-keto- 
glutarate formed in this way could be converted to citrate, since both aconitase 
and isocitric dehydrogenase were shown to be present. The increased activity 
of aconitase in the deficient plants may be of significance in this connection 
but requires further confirmation. The accumulation of glyoxylate, possibly 
from isocitrate by isocitratase may play a role in the accumulation of citrate 
in view of the findings of D’Abramo, Romano, and Ruffo (5) that glyoxylate 
inhibited citrate oxidation in rat-liver homogenates. The origin of oxalate in 
the plant is not clear, but in view of the fact that, like malate, it was depleted 
in potassium-deficient plants, it seems more likely to have arisen from malate, 
probably via oxalacetate, than from glyoxylate, which would otherwise seem 
to be the more probable pathway (8). 

Thus the data presented here indicate that one of the major effects of potas- 
sium deficiency is in its influence on the metabolism of Kreb’s cycle acids. The 
observed depletion of malate and possibly pyruvate may be the result of re- 
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duced phosphoenopyruvate metabolism while the increased citrate, glyoxylate, 
and a-ketoglutarate are thought to be a reflection of the increase in soluble 
nitrogen compounds, either from proteolysis, failure of protein synthesis, or a 
combined effect of both. 
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A NOTE ON THE QUANTITATIVE DETERMINATION OF 
C“-RADIOACTIVITY ON PAPER CHROMATOGRAMS! 


R. G. S. BIDWELL 


Abstract 


The accuracy of measuring radioactivity on paper chromatograms by direct 
counting with a Geiger counter has been determined. It has been shown that 
satisfactory accuracy can only be obtained when the chromatograms are dried 
in still air. When chromatograms are allowed to dry in a draft, substances in the 
spots tend to concentrate erratically at the surfaces of the paper causing errors of 
up to 25% in counting. 


The radioactivity of C-labelled compounds on paper chromatograms has 
been determined in a number of ways. These include direct counting on the 
chromatogram or the excised spot with a Geiger counter or similar detector; 
eluting the radioactivity from a spot previously located by radioautography 
and plating aliquots of the eluate; or converting the spot, paper and all, to 
CO, and measuring the radioactivity either with an electrometer or after 
plating, as BaCOs;, with a Geiger counter. The last two methods are the more 
accurate ones since they involve well-tried techniques and constant conditions. 
However, they are slower and their use frequently precludes the measurement 
of the amount of substance in the spots by chemical means, so that specific 
activities must be determined from two sets of chromatograms. 

The direct methods, on the other hand, are often used quite uncritically and 
without any apparent effort to check their accuracy. When a radioactive spot 
on a chromatogram is measured with a Geiger counter, only a small portion 
of the activity near the surface is detected. To relate this to the total activity 
of the spot one must assume that the radioactive material is evenly distri- 
buted through the paper. Since most chromatograms are dried in a draft of 
air it seems more likely that the radioactivity would be concentrated at the 
surfaces of the chromatogram. Moreover, with the variations in draft and in 
the orientation of papers to the direction of air flow which would probably 
occur, the degree of concentration on one surface or the other might vary from 
one chromatogram to the next, or even from one spot to the next. In spite of 
this difficulty, the method has the following advantages: it is very rapid; 
quantitative measurements of the material in the paper can be made; and the 
higher counting rates allow quicker, more accurate determinations. This last 
point is particularly important in the weakly active samples often encountered 
in metabolic tracer experiments. It became necessary to determine the specific 
activities of a large number of such samples in our laboratory, so an attempt 
was made to put this technique on a satisfactory quantitative basis. 

The spots on chromatograms were located by radioautography and cut out 
by a special punch which cuts 1}-in. circles to fit the planchet holder in the 
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counter. The pieces were counted in a gas-flow Geiger counter having a micro- 
mil window and an efficiency of about 33%. The window was necessary to 
prevent charge build-up which caused erratic results when the paper was 
counted in a windowless counter. The radioactivity of the upper and lower 
surface of each spot was determined and the results averaged. The ratio of the 
radioactivity on the upper to that on the lower surface was also determined. 
The occasional spot which was too large to fit the 1}-in. punch was cut out 
in two or three pieces and their radioactivities summed. This procedure intro- 
duced no detectable error. The spots were then cut into small pieces and 
eluted with 1 to 5 milliliters of distilled water, carefully measured, with 
vigorous shaking for 1 hour in 15-ml centrifuge tubes. The tubes were centri- 
fuged and 100-ul aliquots plated on aluminum planchets, dried, and counted 
in the same counter. The plate counts were multiplied by the dilution factor 
(10 to 50) to give total counts per minute (c.p.m.) per spot. The factor was 
then calculated which would convert the average direct count, as measured 
on the paper, to the total spot count as determined by elution. All radio- 
activity determinations were made to a probable error of 2% or less. 

It was first necessary to determine the efficiency of the elution procedure. 
Solutions of several C-labelled sugars and amino acids were made, aliquots 
were plated out, and accurate measurements of their radioactivity were made. 
Amounts ranging from 1 to 50 ug of each substance were spotted onto pieces of 
Whatman No. 3MM filter paper, allowed to air dry, and then eluted in the 
standard manner. The radioactivities of the added material and the eluates 
were determined and the calculated recoveries are presented in Table I. It 
may be seen that the recovery of all the compounds was nearly complete. 
Certain materials of lipid nature and some spots near the origin gave very low 
eluted total spot counts; this was probably the result of incomplete elution. 
These compounds have not been determined with this technique. 

A series of two-dimensional chromatograms of alcohol extracts of plants were 
run in 80% phenol and butanol — acetic acid — water (18:3:10) using Whatman 
No. 3MM paper cut in 9} X11} in. sheets. After the second solvent run these 
were allowed to dry in a draft of air blowing on one side or the other, or at the 
edge so that each side was approximately equally aerated, or in comparatively 
calm air. The radioactivity of all the spots on each chromatogram was then 


TABLE I 


Recoveries of radioactive substances from chromatography paper 


Amount added, Amount recovered, 





Substance c.p.m. c.p.m. % recovery 
Sucrose 3750 3680 98.1 
Sucrose 523 516 98.7 
Glucose 6940 6750 97.3 
Glucose 815 804 98.7 
Glutamine 2070 1980 95.7 
Alanine 2950 2940 99.7 
Glutamic acid 3090 3100 100.3 
Aspartic acid 1780 1730 97.2 
Pyruvic acid 644 619 96.1 





Norte: Specific activities of the added substances were all about 100 to 200 c.p.m. per microgram. 
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determined as described above, and the factors needed to convert direct 
counts to total eluted counts were calculated. The results are shown in Table II. 


TABLE II 


Comparison between direct counting of upper and lower sides of chromatograms 


and eluted total radioactivity 

















Direct counting za re Average 
Elution, conversion 
c total factor with 
Av. Upper spot Conversion standard 
Compound c.p.m. Lower c.p.m. factor deviation 
Chromatogram No. 1. Dried without draft 
Aspartic acid 122 0.94 720 5.90 
Glutamic acid 154 Be 840 5.45 
Alanine 96 0.92 540 5.62 
Glycerol 200 1.04 1100 5.50 5.60+0.17 
Glyceric acid 130 1.02 725 5.58 (3.04%) 
Mannitol 6044 1.01 35160 5.82 
Fucose 177 0.98 1000 5.65 
Phosphate esters 102 0.94 560 5.49 
Organic acid 96 1.05 520 5.42 
Chromatogram No. 2. Dried with gentle draft on edge 
Aspartic acid 1060 1.05 5700 5.38 
Glutamic acid 874 1.20 5040 5:77 
Glycine and serine 297 1.08 1610 5.42 
Glutamine 574 ee 3160 5.50 
Threonine 429 1.16 2200 5.13 
y-Aminobutyric acid 1517 1.16 8180 5.39 5.42+0.21 
Histidine 591 1.07 3420 5.79 (3.87%) 
Leucines 137 1.08 710 5.18 
Sucrose 8373 1.14 45400 5.42 
Glucose 434 1.10 2240 5.16 
Fructose 123 1.13 660 ee | 
Phosphate esters 2101 1.30 11720 5.58 
Origin area 1112 ie 2500 i ag 
Lipid 478 1.10 380 0.79* 
Chromatogram No. 3. Dried with strong draft on upper side 
Aspartic acid 582 1.03 3150 5.41 
Glutamic acid 210 0.68 1350 6.43 
Alanine 212 1.30 1240 5.85 
Glycerol 302 1.30 1220 4.04 5.36+0.83 
Glyceric acid 185 1.23 765 4.13 (15.5%) 
Mannitol 3220 1.38 18600 5.78 
Fucose 590 1.14 2910 4.91 
Phosphate esters 1052 1.13 6120 5.82 
Organic acid 85 1.70 500 5.88 
Chromatogram No. 4. Dried with strong draft on lower side 
Aspartic acid 189 1.01 1040 5.50 
Glutamic acid 182 0.92 1060 5.82 
Alanine 92 0.91 465 5.05 
Glycerol 215 0.93 1000 4.65 5.39+0.60 
Glyceric acid 108 0.97 580 $.37 (11.1%) 
Mannitol 6744 0.88 43800 6.49 
Fucose 264 0.92 1220 4.62 
Phosphate esters 201 1.09 1160 5.77 
Organic acid 123 1.01 640 5.20 





*Not included in calculations of average conversion factor. 
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It may be seen from Table II that there were some differences between the 
counts on upper and lower sides of chromatograms even when they were dried 
in still air, and that these differences increased greatly when the papers were 
dried in strong drafts. Moreover, it may be seen that the substances in the 
spots tended to concentrate on the surface of the chromatogram which was 
aerated. The differences were erratic, however; this is probably due to uneven 
flow of air over the papers. The conversion factors were also affected by the 
drying procedure. Those calculated from the paper dried in still air were slightly 
higher, and, more important, were much less variable. The apparent decrease 
in the conversion factors with increased aeration is probably due to the con- 
centration of the substances at the surface of the paper during drying. The 
very large variations in the conversion factors when the papers were dried ina 
draft were probably due to uneven flow of air over the papers. The maximum 
deviation observed from the average conversion factor when the paper was 
dried in still air was about 5%, with a standard deviation of about 3%. When 
the papers were dried in a draft, the maximum deviation was over 24% and 
the standard deviation was over 15%. 

It is evident from the data presented in Table II that the conditions of 
drying the chromatogram greatly affect the accuracy and reproducibility of 
radioactivity measurements made directly on the paper with a Geiger counter. 
It is possible to make measurements with an accuracy of about +3% if the 
chromatograms are dried in still air. The value of 5.60 here reported for the 
conversion factor is, of course, specific to the conditions employed and would be 
expected to vary with chromatographic technique, the geometry of the counter, 
and the type of chromatography paper used. 
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VARIATIONS IN LEAF NUMBER IN HIPPURIS. 
A STUDY OF WHORLED PHYLLOTAXIS' 


MARGARET E. McCu.L_y? AnD HuGcH M. DALE 


Abstract 


The number of leaves per verticil in the material examined varied from 2 to 
16. The variation in leaf number from verticil to verticil cannot be correlated to 
the splitting of primordia, junctional forces, binding whorls, acropetally develop- 
ing forces from the stele, positions of leaf traces, nor to a constant angle be- 
tween leaf insertions at every node. In tracing the development of leaves it is 
clear that nodes bearing leaves are produced in partially differentiated internodal 
tissue, as the apical thimble enlarges and grows. The leaves are not initiated at a 
constant distance from the tip and the larger the circumference of the leaf inser- 
tion disc, the larger is the number of leaves. The centers of the leaf primordia are 
circa 50 microns apart in each verticil. The initiation of leaves is traced in both 
aerial and aquatic apices using material from a single clone and also from a 
variety of sources. Aerial apices are usually smaller than aquatic ones and are 
of a different shape. However, the primordia are apparently the same until they 
are 50 microns long. Seven cells in the second layer divide periclinally to initiate 
each primordium. The study suggests that each of these groups of seven cells 
originates from anticlinal divisions of a single cell. The several cells separating the 
groups also originate from a single cell. 


Introduction 

Hippuris is a genus of aquatic plants characterized by a perennial rhizome, 
bearing usually simple submersed or aerial stems with whorls of simple entire 
leaves. When specimens are examined in the field or in dried collections the 
great variation in the number of leaves per verticil from 2 to 16, and in the 
shape of leaves, is most impressive. Frequently a very marked heterophylly 
occurs between submersed and aerial leaves. This great variation has led to the 
division of the genus into three species and (or) a number of forms. 

Much of the fresh material for the present study and the stock for experi- 
mental work was collected in the Sydenham River 1 mile upstream from Inglis 
Falls in Grey County, Ontario. However, fresh material from the Mackenzie 
delta as well as from several stands in Eastern Canadian Arctic has been ex- 
amined in addition to that from several locations in Southern Ontario. In the 
Sydenham River the plant grows in 4 to 18 in. of rather fast-moving, unshaded 
water, in the center of the stream. The bottom is cracked limestone bedrock; 
in some areas covered with stones. Early in the season the branches produce 
only the underwater type of leaf, but by the middle of June, stems reach the 
surface and develop aerial leaves. The branches arise from a perennial rhizome, 
and the material is thought to be clonal. The apical bud of a horizontal stem 
produces a lateral bud in the axil of the lowest verticil. The remainder of the 
main bud then develops into an upright leafy stem. The lowest internode of 
the lateral bud elongates tremendously (up to 10 cm), forming a rhizome inter- 
node, but the upper internodes remain undeveloped; thus approximately 15 

1Manuscript received January 4, 1961. 
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verticils of young leaves are enclosed in those of the lowest whorl. Further, in 
the axil of this lowest whorl a bud may be produced, and the remaining 14 
nodes and internodes of the bud will form a vertical branch. A new rhizome will 
then be produced by the elongation of the lowest internode of the new bud. 
Adventitious roots are developed at all nodes where lateral buds arise. This 
sympodial growth of the rhizome in Hippuris vulgaris is described in detail by 
Irmish (11). 

The lowest whorl of leaves which subtends the rhizome section formed by 
each lateral bud contains either two or three leaves. These differ from typical 
aerial and aquatic ones, and are designated here as rhizome leaves. They are 
short and broad, with rounded tips, and range from 0.5 to 1.5 mm in length and 
1.0 to 2.0 mm in width. The leafy branches arising from the rhizome have 
relatively short internodes when submersed. The number of leaves per whorl is 
quite variable but in this material 8 to 10 are common at the upper nodes. The 
leaves are long, flaccid, and ribbon-like, and are commonly 0.75 to 3.0 mm in 
width and 1.5 to 7.0 cm long. 

After the branches emerge from the water they are stiff and erect and have 
longer internodes. The leaves are 0.4 to 3.5 cm long and 1.0 to 3.0 mm in 
width, and are sturdier and much thicker than the submersed ones. The bases 
of submersed and aerial leaves are the same width, but the submersed leaves 
are longer and more flaccid. Figure 1, diagrams A, B, and C, illustrate verticils 
with a characteristic number of leaves from a rhizome and from aerial and 
submersed stems respectively. 





Fic. 1. Diagrams of whorls of leaves; A from a rhizome, B from an aerial shoot, C from 

a submersed shoot. 

No branch of Hippuris has been observed on which the leaf number per 
whorl is constant from the lowest node to the apex. Usually the first verticil is 
composed of three leaves, though there may be only two on small lateral 
branches. The number per node increases rapidly toward the apex, a typical 
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series for a branch beginning at the lowest whorl being 3, 4, 5, 5, 6, 7, 7, 7, 
8, 7, 8, 9, 8, 9. This variation was noted by Schoute (18) and is often accom- 
panied by changes in leaf shape. The change in leaf number is difficult to 
explain in terms of the current theories of phyllotaxis. It was thought that pos- 
sibly a constant number of primordia were initiated per whorl and that the 
variation was the result of a subsequent splitting of some of these. Examina- 
tion of numerous specimens, however, has shown that there are fluctuations in 
the number of primordia initiated during successive plastochrons. 

Aerial stems grown in the laboratory show numerous groups of two or three 
leaves adhering to each other. These, however, are not produced by a pri- 
mordium splitting, but by an overlapping of the margins of young leaves at 
the apex, and their adherence even at maturity, probably due to the lack of 
mechanical strain of breezes in the laboratory environment. Although the in- 
dividual leaves of a group can be separated, the union between them is suf- 
ficiently strong so that they grow unevenly, with the result that the group 
assumes the shape of an individual. 

True double leaves occur infrequently. These may be entirely united or 
separated at the tips for as much as one half their length. Each component of 
a double leaf develops a discrete vascular system with a midvein and lateral 
branches. In every case observed, the two leaf traces joined before entering the 
stelar region. This, however, is probably insignificant, as traces from dis- 
tinctly separate leaves often merge as is seen in Fig. 10. The lamina along the 
axis of these double leaves may consist of only two epidermal layers, or may 
have mesophyll developed as well. Double leaves arise from primordia that 
are larger than the others in the same whorl. Such primordia have two separate 
areas of apical growth and, therefore, show a notched appearance at an early 
stage. Examination of numerous apices shows that these primordia only occur 
rarely, and, therefore, cannot account for the fluctuations in the number of 
leaves per whorl. Other factors must then be considered. 


Leaf Initiation 

It is apparent that the number of leaves per whorl is determined as they are 
initiated. The anatomical features of this initiation were traced in detail. 
Material from the field as well as from laboratory-grown stock was examined 
while fresh, and aerial and aquatic stems and apices were fixed in formalin- 
aceto-alcohol, imbedded in paraffin, sectioned, and stained with either Heiden- 
hain’s or Delafield’s hematoxylin. 

Apices were sectioned at 6 uw. The diameter and distance from the tip at the 
level of the uppermost primordia were measured for each median longi- 
tudinal section. When the measurements are analyzed, using the method of 
discriminant function, it is found that these aerial and aquatic apices are 
very clearly differentiated. This shows up when the material analyzed is clonal 
and collected at the same time and when material of all sources is considered 
together. Figure 2 shows the relationship of the height to the diameter of the 
apical cones at the level of the first leaf primordia for aerial and aquatic apices 
collected from a clone in Hamilton Creek, Grey County, on August 15, 1960. 
The lines are plotted using the principle of least squares. It can be seen that 
the uppermost primordia occur in a whorl at a lower level on the aquatic 
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apical cone than on the aerial tip. The diameter and height of the former type 
are considerably larger and this increased size is accompanied by the develop- 
ment of longer aquatic leaves as in Fig. 1, C. 

A direct relationship between the size of a meristem and that of the organs 
which it produces is postulated by Sinnott (22). Whaley (35), Abbe, Randolph, 
and Einset (1) and Allsopp (2) report that an increase in apex size results in 
increased leaf size in Lycopersicon, Zea mays, and Marsilea respectively. 
Popham (15) tentatively agrees that organ size is directly related to stem apex 
size in a given species, but implies that the relationship may be modified by a 
variety of factors. A photomicrograph of a longitudinal section of a typical 
aerial stem apex is shown in Fig. 8; and a comparable aquatic apex taken from 
the same clone at the same time can be seen in Fig. 7. The relatively slower 
development of the leaves and internodes in the submersed stem is demon- 
strated by the large number of developing leaves. In tracing the steps in the 
initiation and development of leaves, aquatic tips are most valuable for, on a 
single tip, many stages can be seen and often the succession of stages clearly 
established. 

The initiation of leaves in Hippuris takes place some distance from the tip 
of the apical cone. In a typical aquatic tip the upper whorl of leaf primordia 
occurs about 120 uw below the cone tip. This distance may be as great as 240 u 
in some apices. In a typical tip initiating aerial leaves the distance is approxi- 
mately 70 uw but has been measured as great as 125 yw. The first indication of a 
developing primordium is the enlargement and subsequent almost simultaneous 
periclinal divisions in a group of five to eight cells in two or three tiers of the 
cell layer immediately beneath the outer layer of cells of the apical cone. This 
differs from the monocotyledon, Elodea, in which a leaf primordium is initiated 
solely from the superficial layer (4, 28). Often all the primordia of a whorl are 
initiated simultaneously, but sometimes they are produced in an irregular 
pattern. This can be seen in transverse sections where several areas of cell 
divisions indicate the position of primordia. Blanks in this pattern indicate 
positions where the process has been slower. These blanks occur in an irregular 
pattern. Figure 3 diagrammatically represents a transverse section of an apical 
cone in which six groups of three cells are undergoing division. The estimated 
positions of two similar groups are indicated by arrows. The blanks do not 
regularly occur in adjacent positions. This suggests that the process of initia- 
tion does not circle around the circumference from one primordium position to 
the next. Although all the primordia of a whorl may not develop simultan- 
eously, they are all produced at the same level. At the lower left of section in 
Fig. 11, a single cell has undergone a periclinal division. This is the first sign 
of leaf initiation. The top left of Fig. 12 indicates a later stage in the process. 

The initial periclinal divisions of a leaf primordium are followed by the en- 
largement of the cells involved and further divisions. This produces a bump on 
the outer surface of the apical cone. Anticlinal divisions in the superficial layer 
of cells keep pace with the increasing surface of the primordium. At the same 
time the primordia are spread apart by divisions in the cells between them. 
Only the two outer cell layers of the apical meristem are involved in the for- 
mation of a leaf primordium. There is no anatomical difference between aquatic 
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and aerial leaf primordia before they are 50 uw long. This stage is reached sooner 
in the aerial stems, at approximately the sixth plastochron as opposed to the 
eighth in aquatic apices. A paper describing the variation in leaf morphology 
will be published. 

In Hippuris the number of primordia initiated at the apex varies from one 
plastochron to the next. Snow and Snow (26) postulate that the position of 
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Fic. 2. The relationship of height above first verticil of leaf primordia to diameter of 
apex. The solid circles and dotted line are for aerial shoots; stars and solid line are for 
submersed shoots. Lines derived by least squares method. 
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Fic. 3. Diagram to show the position of dividing cells in leaf initiation. Arrows indicate 
positions where cell division has been tardy. 
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the youngest primordium on an apical cone is controlled by that of the older 
ones below it. These so-called ‘junctional’ forces result in the new leaf being 
produced in the largest available space above and between the preceding ones. 
This hypothesis is inadequate to account for the change in leaf number in 
Hippuris, for it is impossible to see how, once the leaf number per whorl has 
been established in a given stem, any change could occur at successive nodes. 
In a later paper, however, Snow (27) concludes from his work with Labiatae 
that there are two other factors operating in addition to ‘junctional’ forces to 
control the phyllotaxis in these whorled species, one of which results in the 
primordia being produced on the same level and another which tends to equal- 
ize the angles of the segments of the leaf insertion disc between the leaves in 
a single whorl. 

Examination of successive transverse sections of stem apices of Hippuris 
shows that although the primordia of a given whorl may arise above the spaces 
in the whorl immediately below, this is not necessarily true, and leaves in suc- 
cessive plastochrons may be produced directly above each other for several 
nodes. It would appear then that ‘junctional’ forces have little influence on the 
phyllotaxis of this plant, as a new whorl of primordia appears to be oriented 
with little relation to the preceding ones. 

Schoute’s (18) theory of ‘binding’ whorls at first appears to offer an explana- 
tion for a change in leaf number in verticillate species. By this hypothesis, 
leaves, though later whorled, are initiated in a spiral sequence, their position 
being determined by ‘junctional’ factors. Due to an unknown binding force 
several successive primordia become associated together. When an internode 
develops between each group, this produces a whorled phyllotaxis. A varia- 
tion in the number of primordia bound into a group, which would account 
for a change in leaf number, can easily be visualized. Although Schoute post- 
ulates that this binding process may occur before the spiral arrangement 
becomes visible at the apex, the acceptance of his theory would seem to 
require some visible proof of a spiral sequence of leaf initiation. Transverse 
sections of Hippuris stem apices cut at 6 wu fail to show any evidence of such 
an arrangement. 

Although the phyllotaxis of Hippuris is normally whorled, biastreptic sec- 
tions of stems with spirally arranged leaves occur rarely (18, 19). We have 
encountered them in the field and one was grown in the laboratory. Sections 
made of the latter apex, however, revealed that the whorled phyllotaxis had 
again been established at the upper nodes. This suggests that this leaf arrange- 
ment in Hippuris may be the result of an injury as has been suggested in other 
species by the work of the Snows. A thorough discussion of the problems of 
spiral phyllotaxis is available elsewhere (23). — 


Nodes and Internodes 
In plants generally, the number and position of mature leaves at any node 
is correlated with the configuration of the vascular strands of the stem at that 
node and in the adjacent internodes. It was considered, therefore, that a study 
of nodal and internodal development in Hippuris might help to clarify the 
problem of variation of leaf number per node in this plant. 
Sharman (20) in the study of Zea mays does not distinguish internodal tissue 
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above the fifth primordium from the apex. At this level an internode is in- 
itiated by horizontal divisions in cells of the basal portion of the leaf insertion 
disc. A similar development was traced in Elodea canadensis (4, 5) where the 
tissue above the fifth plastochron was composed of discs of nodal tissue bear- 
ing the whorls of leaf primordia. No evidence of separation by internodes 
could be distinguished. 

Because Hippuris resembles Elodea morphologically, it might be expected 
that internodal tissue would develop similarly. However, this is not the case 
for above the uppermost whorl of primordia on a Hippuris apex, the developing 
cortical region becomes distinguishable from the meristematic central core by 
the enlargement and vacuolization of the cells and by the initiation of schizo- 
genous lacunae in the former tissue (Fig. 11). The isodiametric cells of the 
central core undergo no change at this level and are similar to those of the 
meristematic tip with which they are continuous. 

The differentiation of the cortical tissue increases with increasing distance 
from the apex. Transverse sections cut at the level of the first primordia show 
only parenchymatous tissue surrounding the central meristematic core, no 
leaf insertion disc being distinguishable (Fig. 12). During the second or third 
plastochron some of these cortical parenchyma cells divide to form meristem- 
atic strands linking each developing leaf with the future stele (Figs. 9 and 13). 
The cells between the strands, however, remain parenchymatous. It is not 
until several plastochrons later that divisions in the cortical cells form a nodal 
diaphragm across the air spaces of the cortex (Figs. 14 and 10). The formation 
of such partitions is described by Snow (24) and Arber (3). In Hippuris they 
are composed of two or three layers of small spherical cells which have chinks 
between them. These spaces are often lined with intercellular material which 
takes a deep stain. No further cell divisions occur in the nodal diaphragm, and 
an increase in stem diameter is accommodated by a stretching of the cells into 
a stellar shape, and the consequent increase in size of the intercellular 
spaces (3). 

These observations differ somewhat from those of Louis (13). He also found 
no leaf insertion discs at the upper primordia in Hippuris, but describes strands 
of meristematic cells linking the young leaves with the central core of the 
apex. He considers these transverse strands as isolated pieces of residual 
meristem. 

In the present work, using aquatic and aerial tips, there was no indication 
that the lateral strands of meristematic cells are merely isolated remains of the 
original apical meristem. It appears rather that they are formed by division 
of cells which have already become partially differentiated parenchyma. 

The transverse meristematic strands which usually appear in the second or 
third plastochron below the apex (Fig. 13) differentiate into procambium at a 
lower level (Fig. 14) coincident with the appearance of this tissue in the central 
core of the stem. Differentiation occurs very quickly so that the direction in 
which it proceeds was not determined. 

Vascularization of the leaf traces appears in the same plastochron as does 
that of the main vein of the leaf. Xylem elements are differentiated in the 
transverse vascular strands of both aerial and aquatic stems, and rhizomes, 
at a node where the leaves are approximately 600 u long. This is about the 12th 
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plastochron in an aerial apex, the 15th in a rhizome, and the 20th in an aquatic 
one. The differentiation is rapid but it can be observed that the xylem, at 
least, forms across the cortex in an acropetal direction. 

Each primordium is connected to a single transverse strand. These may 
join separately with the stele. Frequently, however, traces from two or three 
leaves unite in the cortex or at the periphery of the central cylinder (Fig. 10). 
Although as many as 16 leaves per whorl have been observed the maximum 
number of traces joining with the cauline vascular system was seven. 

The number of leaf traces entering the stele is variable from node to node 
on an individual stem, even if there is no change in the leaf number per whorl. 
No apparent relationship was found to exist between the branching of these 
transverse traces and the number of leaves produced in earlier or later plasto- 
chrons. Schaeppi (17) describes variations in the branching of transverse 
vascular strands in the stems of Ceratophyllum which he attributes to environ- 
mental factors. No such correlation is apparent in Hippuris. 

Thus it can be stated that the nodes with their leaf traces arise as a result 
of the differentiation of parenchyma cells subsequent to leaf initiation and are 
considered to have little effect on leaf number. 


The Stele 

Although leaf traces arise late, the acropetally developing stele might be 
considered to have some control. 

As mentioned earlier, the upper portion of the central cylinder is composed 
of a plug of meristematic tissue continuous with that of the apical meristem. 
Similar anatomy in some roots has been described (21). No differentiation of 
procambium was seen in the central cylinder above the level of the uppermost 
primordia (Fig. 9). The initial appearance of this tissue is usually below the 
level of the second verticil although one apex was seen in which no procambium 
was discernible until the eighth node. The complete plug of meristematic cells 
undergoes procambial differentiation in an acropetal direction. This is similar 
to the vascular development in protostelic pteridophytes (Kaplan (12)). 

The term procambium is used here to denote potential vascular tissue in 
which the cells, although meristematic, are no longer isodiametric, but are 
elongated to at least twice their width. 

In angiosperms the leaves are considered to control the vascular pattern of 
the stem (Wetmore (34), Philipson (14)). Wetmore, however, cites Hippuris 
as an exception which does not show the dominance of the foliar influence on 
shoot morphology. Procambium is stated to appear in the center of Hippuris 
stems above the level of the uppermost whorl of primordia. Although the 
present study indicates that procambial differentiation in aquatic or aerial 
apices is not as precocious as Wetmore suggests, other observations appear to 
support his theory. 

Sanio (16) and Arber (3) describe the cauline tracheal elements which are 
found embedded in the xylem parenchyma of Hippuris stem apices (Fig. 14). 
The appearance of these vessels precedes that of the first lignified leaf traces. 
They are, however, impersistent and disappear, or merge with the xylem ring 
a few nodes below their origin, and are considered by Arber (3) as minor com- 
ponents of the stele. She implies that although some of their elements may fuse 








latic 
1, at 


may 
hree 
10). 


num 


node 
horl. 
hese 
asto- 
yerse 
iron- 


esult 
1 are 


it be 


osed 
tem. 
yn of 
most 
r the 
ium 
cells 
nilar 


ie in 
; are 


rn of 
buris 
eon 
bUriSs 
. the 
erial 
ar to 


1 are 
14). 
aces. 
ring 
com- 
fuse 











McCULLY AND DALE: LEAF NUMBER IN HIPPURIS 619 


with leaf traces, most of the conducting tissue of the ‘“‘condensed vascular cyl- 
inder”’ is of foliar origin. 

Gunckel and Wetmore (9) conclude that the acropetally developing pro- 
cambial strands may have a considerable influence on the orientation of the 
young primordia in Ginkgo. In this plant the influence of cauline factors on 
leaf arrangement is quite apparent, as transverse procambial strands are dif- 
ferentiated above the uppermost primordia. Sterling (29, 30) describes a 
similarly early procambial development in Sequoia sempervirens and Pseudo- 
tsuga taxifolia. Golub and Wetmore (6, 7) discuss the variation in leaf number 
in Equisetum. The initiation of primordia is limited to the spaces above and 
between the procambial strands of the preceding whorl. The procambium 
develops acropetally and is continuous even with the primordia of the upper- 
most whorl. From these observations the authors conclude that in Eguisetum 
the cauline vascular system possibly is a dominant factor in the determination 
of leaf number and phyllotaxis. 

In Hippuris, where procambium differentiation is not observed until as late 
as the eighth node from the apex, it would appear to have little influence on the 
position of leaf initiation. The nature of the branching of the leaf traces also 
appears significant (Fig. 10). This branching always occurs close to the stele, 
and although the primordia of a whorl are relatively evenly distributed around 
the cone, the lateral strands merge with the central vascular cylinder in a very 
irregular pattern. This suggests that the primordia direct the course of the 
procambial strand development outside the stele. 

It appears, therefore, that in Hippuris the location and number of new leaf 
primordia in a whorl cannot be attributed to a ‘junctional’ influence of the 
young leaves, nor does it seem dependent upon the structure of the stele. The 
effect of the apical meristem itself should, therefore, be considered. 


Apex Size and Leaf Number 

Measurements of apices of aquatic and aerial stems and rhizomes indicate 
a definite trend toward the number of primordia per whorl increasing with the 
circumference of the cone. This is compatible with the theory of Snow and 
Snow (25) that a new leaf arises in the first position on the stem apex that 
attains the required width and distance from the tip. Variations in the dia- 
meter of the apical cone would, therefore, be expected to produce fluctuations 
in the number of leaves per whorl. In Elodea two leaves per verticil are pro- 
duced on the lower nodes of branches under normal conditions, and at all nodes 
of stems growing in darkness. In both these cases the stem apices are narrower 
than those of normal mature branches which have three leaves per whorl (5). 

Figure 4 shows the relationship of the number of leaf primordia with the 
diameter and the circumference of the apical cone at the level of their initia- 
tion. The material used was from all stands. The lines join the mean values of 
the measurements for each number of primordia. It will be seen that there is 
a close correlation between size of the apex and the leaf number. In this 
figure the relationship with diameter or circumference is suggested. The rela- 
tionship of distance from primordia to tip and diameter has been previously 
established (Fig. 2). The variation in size of apex at each primordia number is 
a real phenomenon because it must be recalled that very few double primordia 
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occur and that in the response to stimulus to produce primordia, whole num- 
bers are initiated. Secondly, in gathering this data all stages during the first 
plastochron are considered from the first sign of initiation through the growth 
of the primordia and the increased growth of the apical cone until the end of the 
plastochron when the next whorl of primordia are initiated some distance 
higher on the apical cone. In Hippuris the leaf initials of each whorl are sep- 
arated by an internode even at the youngest whorl. 
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Fic. 4. The relationship of the number of leaf primordia to diameter and circumference 
of apex. The solid circles and dotted line are for aerial shoots; stars and solid line are 
for submersed shoots. The lines join the means of each value. 

Although it is apparent from Figs. 2 and 4 that there are differences bet- 
ween aquatic and aerial apices it is also apparent that when the initiation of 
primordia is delayed so that they develop farther from the tip of the apex, the 
circumference of the apex is larger and more primordia are produced. 


Aquatic and Aerial Apices 

The photomicrographs in Figs. 7 and 8 show that the shoot tip of Hippuris 
assumes a very different character when it emerges from the water. Due to 
faster development with the greatly increased light in the aerial environment 
there are far fewer young leaves at the tip. The shape of the tip of the cone in 
the water when there is a water—plant interface is paraboloid while with an 
air—plant interface it becomes hemispherical. Figure 5 illustrates the shape 
of the two types. These are typical of the 60 that were drawn with a camera 
lucida from the median sections and analyzed. The two chosen were about the 
same diameter for convenience. The X’s at the sides of the outline indicate the 
position of the first primordia. 

When we consider the height in relation to diameter (or circumference) at 
the level of the first whorl of primordia it is clear (Fig. 2) that the aquatic 
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apices are higher, a further indication of the difference in shape. Leaves are 
thus initiated farther from the tip of the apex in submersed plants as indicated 
again by these same lines in the figure. 


A B 


Fic. 5. Smoothed curves of camera lucida projections of shoot apices. The X’s indicate 
the level of the first sign of leaf initiation. The curve on the left is an aerial apex and that on 
the right a submersed apex. 


It is abundantly clear that the idea of a constant arc or angle of the leaf 
insertion disc supporting each primordium cannot be considered in Hippuris; 
however, it has also been suggested that a certain minimum area is required 
(27). From Fig. 4 the length of segment of the circumference in microns bet- 
ween the centers of the primordia can be calculated. In aquatic apices the 
distance apart shows a slight increase with increased numbers of primordia. 
The centers are about 55 microns apart. 

In the aerial apices the primordia tend to be closer together than in the 
aquatic ones. This is indicated by the position of the lines joining the mean 
values. The increased slope of the aerial line at higher values suggests a crowd- 
ing of the primordia when there are more produced. 

The variation in distance separating the primordia might be due to dif- 
ferences in the number of cells between the primordia, or to variation in the 
size of these cells. Each primordium is initiated by the simultaneous divisions 
of seven cells in the second layer, three in the center row, and two above and 
two below. In order to determine the number of cells separating these pri- 
mordium initiating cells, counts were made of the number of cells in the 
second layer. From this the largest number of cells in any row initiating 
primordia (no. of primordia X 3) was subtracted. The mean number of cells 
between adjacent primordia was calculated from this. 





no. of cells in second layer —3Xno. of primordia 


Mean no. of cells = , - 
no. of primordia 


As one would expect, this varies depending upon whether the first whorl of 
primordia was near the beginning or near the end of the first plastochron. In 
the majority of tips there averaged from 2.5 to 4.5 cells. Figure 6 shows the 
pattern of these mean values. It will be noted that there is greater scatter in 
the aquatic values but the range of values is very similar in both aquatic and 
aerial apices. More than one half of the apices came from clonal material from 
Hamilton Creek collected on August 15, 1960. The pattern is essentially the 
same for material from all sources which have been included. 
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The values in Fig. 6 suggest that at the instant each of the primordia is 
initiated by the simultaneous division of three cells in the second layer they 
are separated by two or three cells. The number of separating cells increases to 
four or five cells during the first plastochron due to anticlinal divisions. This 
appears to be the case in both aerial and aquatic apices. 
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Fic. 6. The relationship of the number of leaf primordia to the number of non-dividing 
cells between leaf initiating cells. 


The method used to count and interpret the number of potential primordia 
as previously discussed (Fig. 3) would allow a reasonable assumption that there 
were as many primordia-producing cells as interprimordial cells at the time of 
the first periclinal divisions in the second layer. Undoubtedly internal changes 





Fic. 7. Median longitudinal section of apex from submersed shoot. 100 

Fic. 8. Median longitudinal section of apex from aerial shoot. Collected from same 
clone as material in Fig. 7. X 100 

Fic. 9. Medial longitudinal section of stem apex showing parts of five-leaf-initiating 
whorls (third to seventh) at lower part of the figure, in the center, typical procambium cells 
are present. X 150 

Fic. 10. Transverse section of a node from an aerial stem 5 mm below the apex. X 100 

Fic. 11. Transverse section of aquatic stem 100 yu below tip of apex, above the level of 
uppermost primordia. At lower left a periclinal division in the second layer of cells indicates 
first sign of leaf initiation. 200 

Fic. 12. Transverse section of same apex as that in Fig. 11 at a lower level where many 
periclinal divisions have occurred, and where the cortical parenchyma is developed with 
no sign of transverse procambial strands. 200 

Fic. 13. Transverse section two whorls below level of Fig. 12 showing development of a 
wae strand of meristematic cells by division of parenchyma cells of the cortex. 


Fic. 14. Transverse section, of same apex as in above figures, showing development of 
transverse strands and nodal "diaphragm. Cauline tracheal elements can be seen in the 
central vascular cylinder. X150 
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antedate this external manifestation of primordia initiation. It would seem to 
us a simple extrapolation would suggest that perhaps every other cell in the 
second row might be assigned prospective values in terms of primordium or 
nonprimordium in the apex at an earlier stage. If, then, in Hippuris each cell 
that initiates a primordium is surrounded by a zone of influence, in a lateral 
direction only the adjacent cell would be inhibited. This zone is very much 
smaller than might have been suspected. The distances between centers of 
‘primordia bulges’ on the surface of the plant are greater and suggest greater 
zones of influence (55 « mentioned above). 

The greater distance separating primordia in aquatic apices compared with 
the aerial apices (Fig. 4) results chiefly from a greater number of slightly 
smaller cells, since estimates of cell size in aerial and aquatic apices show that 
they are of the same range. Troll (31) suggests that the size of the shoot apex 
varies directly with the nutritional level of the plant. If this is true for 
Hippuris, the variation in leaf number from node to node can readily be ex- 
plained as a result of changes in apex size caused directly by fluctuating en- 
vironmental conditions, as well as by rhythmic changes in the nutrition of the 
apex, established by previous irregularities in leaf number per whorl. The nutri- 
tive status of aerial apices might be assumed to be higher due to the much 
higher light level. However, it should be pointed out that most aerial stems 
produce flowers and set seed. Flowers are initiated in the leaf axils close to the 
apex. The developing buds would compete strongly with the apical meristem 
for nutrients. This may be an important factor in the size of the apex and num- 
ber of leaves per verticil in some aerial apices. 


Growth-inhibiting Substances 


It has been suggested that leaf-inhibiting substances move from the tip of 
the shoot apex down and prevent the initiation of primordia until beyond 
the zone of this influence (23, 33). In Hippuris this suggestion would claim a 
greater zone of influence in aquatic tips than in aerial tips but considerable 
fluctuation in both these types. Variation in leaf number could be thought of as 
due to the fluctuation of this zone of influence. 

A second idea of leaf-inhibiting substances suggests that each leaf-initiating 
center produces inhibiting zones of influence. This has gained some favor 
(23, 33). The present study suggests that if such areas are produced by each 
cell that has the potential of producing a primordium, in Hippuris the zone 
of influence in a lateral direction would be a scant half-cell width. However, 
inhibiting areas surrounding each primordium would result in a constant 
number of leaves in successive whorls. Hippuris rejects this idea with its varia- 
tion in leaf number at adjacent verticils. 
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TAXONOMY, MORPHOLOGY, AND PATHOGENICITY OF 
RHIZOCTONIA SPECIES FROM FOREST NURSERIES! 


H. K. SAKSENA? AND O. VAARTAJA?® 


Abstract 


The history of the concept of the genus Rhizoctonia is reviewed. Ten species 
and one variety of Rhizoctonia were identified from the study of over 60 selected 
isolates obtained from the forest nurseries in Saskatchewan and Manitoba. These 
are R. dichotoma, R. endophytica, R. endophytica var. filicata, R. globularis, R. 
hiemalis, R. callae, R. lilacina, R. repens, R. rubiginosa, R. solani (Ceratobasidium 
filamentosum), and C. praticolum. The first five of these were previously described 
by the authors as new. This paper deals with the taxonomic descriptions of the 
remaining 6 species and the pathogenicity of all 10 species. Of the six species 
described here, R. callae, R. lilacina, R. repens, and R. rubiginosa are new records 
for Canada. C. praticolum is distinguished from R. solani in the imperfect stage 
on cultural and morphological characters. Comparative morphological studies 
show that chlamydospore characters were maintained consistently within a 
species, and their value as dependable diagnostic characters is emphasized. 

The pathogenicity of Rhizoctonia species was tested under aseptic conditions 
in test tubes and in partially sterile soil on tomato, lettuce, cabbage, beet, dill, 
caragana, cedar, elm, and pine seedlings. Mycelia of all the species invaded the 
tissues of all the host seedlings, showing no specialization. Ceratobasidium pratico- 
lum and R. dichotoma caused severe damping-off. C. praticolum appears to be by 
far the most widespread and virulent of all Rhizoctonia species in forest nurseries 
in Canada. R. solani, R. lilacina, and R. endophytica var. filicata, caused rotting 
of seeds, roots, and hypocotyls with varying intensity. R. callae, R. endophytica, 

R. globularis, and R. repens were characterized by production of chlamydospores 
inside the cortical cells of the roots, completely or partially filling them. This 
endophytic association affected the root development and general health of the 
seedlings adversely. Under certain conditions, the endophytes also attacked the 
aerial parts of the seedlings and caused some damping-off. R. hiemalis and R. 
rubiginosa were non-pathogenic, though their mycelia penetrated the root tissue. 

These studies indicate that the Rhizoctonia problem in forest nurseries is a 
complex one involving several species differing in their virulence and mode of 
attack. 

Introduction 
Species of the form-genus Rhizoctonia occurring on plants of agricultural and 
horticultural importance have been studied by many investigators. Fewer 
species have been reported from forest trees and not all of these have been 
studied in detail. Since the beginning of this century, R. solani Kiihn has been 
known to be associated with coniferous damping-off. Wiant (58) has sum- 
marized the earlier work on its morphology and pathogenicity. During recent 
years most of the studies made on this important pathogen have been in 
connection with its control by chemical means in forest nurseries (8, 52). Some 
of the etiological aspects have been discussed and studied by Vaartaja and 
Cram (52) and Vaartaja et al. (53). R. silvestris Melin (32), originally described 
from Germany as a parasite of pine seedlings, is reported (26, 35) to cause 
1Manuscript received November 21, 1960. ; 
Contribution No. 702, Forest Biology Division, Research Branch, Department of Agri- 
culture, Ottawa, and No. 68, Canada Agriculture Research Station, Saskatoon, Saskatchewan. 
*National Research Council of Canada Postdoctorate Fellow 1958-60, Saskatoon. Present 


address: Government Agricultural College, Kanpur, India. 
’Present address: Waite Agricultural Research Institute, Adelaide, Australia. 
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considerable damage to roots of pine and spruce seedlings in Britain under 
certain conditions. R. crocorum (Pers.) DC. from England (56), R. pini-insignis 
Castellani (6) from Italy, R. juniperi Lihnell (27) from Germany, and R. strobi 
Scholz (47) from Austria are other species which have been isolated once each 
from coniferous seedlings, and described briefly. 

The fragmentary knowledge of this important group of pathogens calls for 
extended studies on the Rhizoctonia problem in forest nurseries. A collection of 
over 700 Rhizoctonia isolates from forest nurseries in Saskatchewan and 
Manitoba provided an opportunity for investigations in that direction. In a 
previous paper Saksena and Vaartaja (43) described four new species of 
Rhizoctonia and one new variety from a study of over 60 selected isolates from 
this collection. The present paper deals with the identification and comparative 
morphology of the remaining species of Rhizoctonia encountered in this collec- 
tion, and the potential pathogenicity and host range of all the species. 


The Genus Rhizoctonia 


The genus Rhizoctonia was founded by De Candolle in 1815 to include the 
species R. crocorum (Pers.) DC. The first valid description of the genus is that 
given in Fries’ Systema Mycologicum (19), which work has been made the 
starting point for mycological nomenclature. According to this description the 
genus is characterized by the absence of any kind of fruiting bodies and the 
presence of sclerotia, varying in shape and size, growing together, cartilaginous 
to fleshy, and of uniform texture within. The cortex of the sclerotia is very 
thin, membranaceous, and persistent. Root-like cottony threads, growing out 
in fascicles from the corners of the sclerotia, join several individuals. The 
diagnosis specifies roots of plants as the habitat of these fungi. The concept 
of the genus has changed over the years. It is therefore fitting to summarize 
the important developments leading to the present, greatly modified, yet 
largely undefined, concept that has been applied in the present studies. 

Since De Candolle first established the genus, a large number of species have 
been described in the last century. The considerable confusion which later 
prevailed with regard to the concept of species within the genus led to the 
classical studies of Duggar (15). He recognized two main species, R. crocorum 
and R. solani, and placed the rest in synonymy or found them to be misdeter- 
minations. These two representative species were shown to possess a vegeta- 
tive mycelium characterized by (1) constriction of the hyphal branches at their 
point of origin, (2) presence of a septum close to the point of branching, and 
(3) occurrence of lateral growth or branching, often at right or acute angles. 
Later descriptions of other species of Rhizoctonia possessing sclerotia further 
emphasized some of these mycelial characteristics. These characteristics came 
to be accepted as being so typical of the group that even the presence of 
sclerotia is no longer considered essential for inclusion of a sterile fungus in 
this genus. R. oryzae Ryker and Gooch (40), R. choussti Crandall and Arillaga 
(9), R. globularis Saksena and Vaartaja (43), and some of the orchid rhizoc- 
tonias (3, 4, 11) are examples of species possessing some of the mycelial 
characteristics, but no sclerotia. 

Species of Rhizoctonia that have been described since the treatment of the 
genus by Duggar, bring the total to about 57. Most of these have been placed 
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in the genus in accordance with the above concept, that is, they possess sclero- 
tia or some of the above noted mycelial characteristics, or both. A few species 
(R. rubiginosa, R. lilacina, R. coniothecoides, and R. fuliginea) described from 
Italy by Sappa and Mosca (45, 46), do not appear from their descriptions to 
have any of these generic characteristics, other than sterile mycelia. 

Besides these characters, the monilioid cells produced by the mycelium 
attracted early attention (14). Duggar (15) found them to differ in shape in 
R. crocorum and R. solani. Ruhland (39) took special note of the monilioid 
cells of a Rhizoctonia-like fungus from Germany and erected a new genus 
Moniliopsis to include his fungus under the name M. aderholdi. M. aderholdi 
was later considered identical with R. solani (16, 48), and it was proposed that 
the genus Moniliopsis be merged with Rhizoctonia. (Moniliopsis has since come 
to be treated as a genus ambiguum.) Since then the monilioid cells, for which 
the term ‘‘chlamydospores’”’ has been proposed (43), have been observed in a 
number of other species of Rhizoctonia (3, 4, 6, 7, 9, 11, 27, 31, 32, 40, 45, 46). 
However, little use has been made of the chlamydospore characters in sepa- 
rating species, and the diagnostic value of the chlamydospores in specific 
differentiation of Rhizoctonia has remained largely unrecognized and unas- 
sessed. 

In arecent preliminary study, Saksena (41) found chlamydospore characters 
to differ in Ceratobasidium filamentosum (Pat.) Olive (Pellicularia filamentosa 
(Pat.) Rogers) and C. praticolum (Kotila) Olive (P. praticola (Kotila) Flentje), 
which have Rhizoctonia as their imperfect stage. Saksena and Vaartaja (43) 
studied in detail the development and morphology of chlamydospores in 16 
isolates of Rhizoctonia comprising four new species. Chlamydospore characters, 
which were consistent within a species but differed between these, were con- 
sidered of dependable value in separating species. These studies further sug- 
gested that chlamydospore characters could be used with greater advantage 
than some of the mycelial and sclerotial characters, which vary within species. 

The original concept that Rhizoctonia inhabits only soil and plant roots has 
also been modified, as several species have been shown to occur on aerial plant 
parts (22, 30, 55, 57). 

The many varied characteristics of the species included in the genus 
Rhizoctonia make it a complex and heterogeneous group. Of the approximately 
57 recognized species, some have significant differences, several are incom- 
pletely described, and others are separated on variable characters like width 
of mycelium, and location, size, and shape of sclerotia (30), which alone are of 
little taxonomic value (24). The perfect stage is known for a few species. The 
history of the taxonomy and synonymy of the perfect stage, Ceratobasidium 
filamentosum, of R. solani and R. microsclerotia is given by Rogers (37) and 
Olive (33). R. corcorum is shown to be the imperfect form of Helicobasidium 
purpureum (Tul.) Pat. (2). Some strains of R. bataticola (Taub.) Butl. produce 
the pycnidia of Macrophomina phaseoli (Maulb.) Ashby (1). 

Rhizoctonia spp. are known to be of great economic importance, and their 
accurate identification is a matter of fundamental importance. This is an ideal 
that is difficult to achieve at the present time because of our lack of under- 
standing of factors involved in the formation of the perfect stage of these fungi. 
In the interest of accuracy of specific determinations, the least that can be 
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done is to try to induce, where possible, the development of all the vegetative 
structures (mycelium, sclerotia, “‘sporodochia’’, and chlamydospores) that the 
fungus is known to produce. [For lack of a more appropriate term, “‘sporodo- 
chium” is used to designate an aggregation of chlamydospores (43).] These 
should then be studied in conjunction with cultural characters and patho- 
genicity to obtain a reasonably complete description of the species. In the 
present studies the species of Rhizoctonia have been described and identified 
in the light of the above observations. The diagnostic value of chlamydospores 
in differentiating species has been further examined in all the isolates studied 
in the hope that they may provide a more sound taxonomic basis for the genus. 


Materials and Methods 

Cultures 

The taxonomic descriptions are based on observations of (@) colony and 
mycelial characters as seen on 2% Difco potato-dextrose agar (PDA); (6) 
chlamydospore characters as seen on 2% Difco cornmeal agar without dex- 
trose (CMA), and in test tubes with seedlings; and (c) sclerotial characters as 
seen on PDA and PDA supplemented with 0.75% asparagin (PDAA). As 
discussed previously (43) this procedure was necessary, as no single medium 
was suitable for the proper development of all the diagnostic characters. 


Pathogenicity 

The pathogenic capabilities of all the isolates were determined under aseptic 
conditions by a culture tube method similar to that of Vaartaja and Cram (52). 
Test tubes 2.2 cm in diameter containing 30 ml of half-strength CMA were 
inoculated with small (3.5 mm square) pieces of 1-week-old colonies from 
cultures on PDA. Surface-sterilized seeds of test plants were germinated on 
PDA plates. Four healthy germinating seeds were then transferred to each 
tube. Four replicates were used, and the less common isolates were tested 
twice. The test tubes were kept in water baths at temperatures varying between 
15 and 25° C under fluorescent tubes giving a light intensity of 1500 ft-c. 
Pathogenicity of the isolates that caused damping-off was measured by record- 
ing the number of seedlings that showed typical symptoms. The pathogenicity 
of the remaining isolates was measured by removing surviving seedlings after 
8 weeks, comparing their general development and height with check seedlings, 
and recording damage to root system and hypocotyls. The roots and hypocotyls 
of individual seedlings were examined macroscopically under a magnifying 
glass for presence of necrotic lesions and fungus mantle. Free-hand sections of 
the selected parts of roots and hypocotyls, stained in cotton blue, were examined 
microscopically for the presence of hyphae within the tissues. 

Pathogenicity of representative isolates of different species was also tested 
in soil sterilized by autoclaving for 1 hour at 15 Ib pressure. Glass jars 8 cm in 
diameter and 10 cm high were half filled (300 g) with sandy nursery soil. The 
inoculum was multiplied in 500-ml Erlenmeyer flasks on a sterilized mixture 
of vermiculite and oatmeal (95% vermiculite, 5% oatmeal, with distilled water 
to 25% moisture). This inoculum was thoroughly mixed into soil in jars at the 
rate of 3% by weight. To ensure a final stand of eight test seedlings, 12 seeds 
were sown per jar. The moisture content of the soil was adjusted to approxi- 
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mately 20% of the dry weight. The jars were covered with petri dish lids and 
placed in water baths under conditions earlier described for test tubes. While 
no attempt was made to keep the soil moisture constant throughout the dura- 
tion of the experiment, enough water was added from time to time to com- 
pensate for the loss of moisture through evaporation. Four replicates were used. 
The pathogenicity was measured by removing all seedlings after 3 months and 
recording damage as in the case of seedlings grown in test tubes. 

Most of the isolates were obtained from conifers. They were also tested on 
angiosperms to determine their host range, since species of Rhizoctonia are 
known to show host specialization (18, 24, 34, 40, 42). The following host 
species representing a wide variety of angiosperm and coniferous genera were 
utilized in the pathogenicity tests: tomato (Bounty), lettuce (Grand Rapids), 
cabbage (Penn State Ballhead), beet (Early flat Egyptian), dill, Caragana 
arborescens Lam., Thuja occidentalis L., Ulmus americana L., Pinus resinosa 
Ait., and P. sylvestris L. 


Species Description 


Rhizoctonia callae E. Castellani, Ann. R. Ist. Sup. Agrario e Foresiale, 5:73. 
1934 

On PDA the colony is white, later cream yellow, with low growth of cottony 
aerial mycelium. 

The vegetative hyphae are septate, hyaline becoming brownish, branching 
at nearly right angles, with the first septum a few microns beyond the point of 
origin. The hyphae are 3—4.5 uw wide and frequently anastomosed. 

The sporodochia are variable on different media. On PDA and CMA, they 
are submerged and confluent in cream-colored masses near the margins of the 
colony; on the walls of PDA tubes they are cream-colored, round, 0.5 mm in 
diameter; on the walls of test tubes with seedlings they are open-textured, 
white, granular, 100-300 uw in diameter. In old sporodochia, chlamydospore 
chains are frequently anastomosed and intertwined. 

The chlamydospores (Fig. 1) are hyaline, brownish in mass, ovoid to doli- 
form, 16-2211-15 uw. They are produced in branched chains of 12 or more 
cells, singly and in sporodochia. 

Sclerotia developed on PDAA are surface borne, grey to light brown, round, 
1 mm in diameter. On the walls of test tubes they occur in groups within a 
common mantle of aerial hyphae. 

Isolated in culture from seedlings of P. sylvestris, Indian Head, Saskatchewan, 
July 1955 (Nos. 2121, 2131). Other specimen examined: R. callae E. Cast. 
obtained from the Centraalbureau voor Schimmelcultures. 

R. callae was previously known only from the type, isolated from roots of 
Calla aethiopica, Firenze, Italy. 

R. dichotoma Saksena & Vaartaja, Can. J. Botany, 38: 931-943. 1960. 
R. endophytica Saksena & Vaartaja, Can. J. Botany, 38: 931-943. 1960. 
R. endophytica var. filicata Saksena & Vaartaja, Can. J. Botany, 38: 931-943, 

1960. 

R. globularis Saksena & Vaartaja, Can. J. Botany, 38: 931-943. 1960. 
R. hiemalis Saksena & Vaartaja, Can. J. Botany, 38: 931-943. 1960. 
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Rhizoctonia lilacina Sappa and Mosca, Allionia, 2:184. 1954 

On PDA the colony is made up of appressed mycelium which later produces 
white, raised, cushion-like growth of thin, silky, aerial hyphae in the center, 
1 to 2 cm around the inoculum. The rest of the colony surface is smooth. In 
some cultures the aerial hyphae, instead of forming the cushion-like growth, 
protrude from the substrate in floccose bundles with Lilac* tinge. Reverse of 
the colony is Deep Purplish Vinaceous in the center to Persian Lilac towards 
the margin. The fungus produces yellow needle-like crystals in minute groups 
in culture. 

The septate mycelium is variously branched. It consists of two types of 
hyphae: (1) thin, white becoming light brown, sinuous, 0.75-2 uw wide; (2) 
thick, light olive brown, 4.5—8 wu wide. The latter are often geniculate at septa 
which occur approximately 17-30 uw apart. The thick hyphae are catenulate 
in parts. Frequently they are joined together to form a fascicle with a sub- 
parallel orientation. Both types of hyphae contain numerous fat globules. 

Sporodochia were lacking. Chlamydospore chains, formed by the cells of 
catenuliform hyphae are most commonly intercalary, sometimes laterally ter- 
minal, and infrequently branched. On CMA the chains were produced in good 
numbers, singly or in groups of a few. On PDA, though catenulate hyphae were 
present, chlamydospores occurred only in old drying cultures and in small 
numbers. 

The chlamydospores (Fig. 2) are hyaline, later brown, globose to oval, 
9-14X7-12.5 wu in diameter. They contain fat globules like the mycelium. 
Mature chlamydospores become uniformly thick-walled. 

Sclerotia have not been observed. 

Isolated in culture from the hypocotyl of seedling of Caragana arborescens, 
Sutherland, Saskatchewan, August 1953 (No. 1142). 

Isolate 1142 is considered to be R. lilacina with which it agrees in cultural 
and mycelial characters, and in the type of pigmentation produced. This 
isolate produces chlamydospores for which no description is given in the 
original diagnosis of R. lilacina. The hyphae of R. lilacina are said to be catenu- 
late. This could refer to the modified state of hyphal cells previous to the 
production of chlamydospores, as was observed in isolate 1142. On some media, 
the hyphal cells in chains do not mature into chlamydospores till the cultures 
are old and near drying. The chlamydospores may then not be observed. The 
type culture of R. lilacina was not available for comparison. 

R. lilacina was previously known only from the type isolated from forest 
soils of Sciongola, Italy. Sappa and Mosca (46) later commented that R. 
lilacina and other pigmented sterile mycelia, which they placed under Rhizoc- 
tonia, are noticeably different from true Rhizoctonia and merit consideration 
in a special genus. R. lilacina, as represented by isolate 1142, is also not a true 
Rhizoctonia. Its variously branched hyphae are not typical of Rhizoctonia. It is 
not known to produce sclerotia or sporodochia. It has only the sterile mycelium 
and the chlamydospores in common with Rhizoctonia. Isolate 1142 is a virulent 
pathogen of seedlings of various species and for this reason alone needed 
description. Like Sappa and Mosca (46), we have retained it in R. lilacina till 
future studies create a more acceptable place for it. 


*Color terms that have initial capital letters are from Ridgway (36). 
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Rhizoctonia repens Bernard, Ann. Sci. nat. Botan., Sér. 9:26-31. 1909 

On PDA the colony is colorless, with thin, white, recumbent, creeping myce- 
lium and no aerial hyphae. In older colonies the mycelium grows mostly within 
the substrate, and the colony surface becomes smooth. 

The vegetative hyphae are septate, hyaline, branching at right angles, with 
the first septum a few microns beyond the point of origin. The main branch 
hyphae are 2.5—4.5 uw wide, with short, side branches up to 6 uw wide. 

The white sporodochia are variable on different substrates. On PDA they 
are confluent in a continuous layer over the surface of media; on CMA they are 
submerged, flat, round, 80-125 yw in diameter; on the walls of test tubes with 
seedlings, they are granular and up to 150 w in diameter. 

The chlamydospores (Fig. 3) are hyaline, globose, 12.5-1711.5-16 yu in 
diameter. Chlamydospore chains are short, branched, and borne frequently on 
lateral sporophore-like hyphae. The chains occur singly and in sporodochia. 

Sclerotia have not been observed. 

Isolated in culture from mycorrhizal rootlets of Pinus banksiana, Pineland, 
Manitoba, 1956 (No. 2583), and from damped-off seedlings of P. sylvestris, 
Indian Head, Saskatchewan, 1956 (No. 2331). Other specimen examined: R. 
repens Bernard obtained from the Centraalbureau voor Schimmelcultures. 

R. repens was originally isolated and described by Bernard as an orchid 
symbiont. Later it was reported from various orchid species of Germany and 
Java (3, 4), and the United States (11). Hildebrand and Koch (21) reported 
a Rhizoctonia similar to R. repens associated with root rot of strawberry and 
tobacco in Canada. It is here recorded definitely for the first time in Canada 
and on new hosts. 


Rhizoctonia rubiginosa Sappa and Mosca, Allionia, 2:182. 1954 

On PDA the colony when young is colorless with light spiderweb-like thin, 
white, surface mycelium. Older colonies are Light Ochraceous Buff to Ochra- 
ceous Orange with smooth, shining surface. The mycelium is appressed giving 
the surface a moist appearance. 

The vegetative hyphae are septate, hyaline when young, later of a variable 
brown color, rich in oil globules and granular matter, branching often at right 
angles but commonly at an acute angle, with the first septum a few microns 
beyond the point of origin. The hyphae are 4-7 uw wide and frequently anasto- 
mosed. 

The sporodochia are submerged within the more or less transparent colony 
as opaque, minute, irregular spots, 300-500 uw in diameter. Chlamydospore 
chains from the sporodochia extend some distance down within the medium in 
a fern-like manner, giving the sporodochia a characteristic appearance. 
Chlamydospore chains are both intercalary and terminal, and occur singly and 
in sporodochia. The chlamydospores are often differentiated in an acropetal 
succession from the rigid and tapering monilioid filaments (Fig. 4). 

The chlamydospores (Fig. 4) are hyaline when young, later light brown, 
globose, 17-27 15-25 uw in diameter. They are rich in granules and fat glo- 
bules. In older cultures most of them become rubiginose and the pigmentation 
may extend down to the supporting hyphae. 

Sclerotia have not been observed. 
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Isolated in culture from healthy seedlings of P. sylvestris growing in peat- 
amended nursery soil in a greenhouse experiment, Indian Head, Saskatchewan, 
March, 1958 (No. 2747). 

Isolate 2747 resembles R. rubiginosa in essential. cultural, mycelial, and 
chlamydospore characters. In the original description (45) the colony of R. 
rubiginosa is said to be rubiginose on carrot agar. The colony color of isolate 
2747 was in shades of brown on PDA and rubiginose on PDAA. The chlamy- 
dospores of 2747 are light brown for most part, and develop the rust color in 
old cultures. 

R. rubiginosa was previously known only from the type isolated from forest 
soil of Zingibar, Italy. 


Rhizoctonia solani Kiihn, Krankh. Kulturgew. 224. 1858 (Ceratobasidium fila- 
mentosum) 

On PDA the colony is brown with felty and cottony, brown, aerial hyphae. 

The vegetative hyphae are septate, hyaline at first, later brown, branching 
at right angles with a constriction at the point of branching, and the first 
septum a few microns beyond the point of origin. The width of main hyphae 
varied in different isolates, 7-11 win No. 2859, 4.5-8 win No. 2351, and 4.5-6 wu 
in No. 1298. The hyphal diameters of isolates No. 2351 and 1298 are smaller 
than commonly found in R. solani, but fall within the range known for some 
of its races. 

The sporodochia developed in large numbers on CMA (partially to com- 
pletely submerged) and on the walls of the test tubes with seedlings. On these 
substrates, they are white, later light brown, minute, round, 300-1000 yw in 
diameter, scattered or more commonly aggregated (Fig. 7). In the presence of 
condensed moisture in test tubes, the sporodochia develop into sclerotia by 
anastomosis and intertwining of chlamydospore chains and vegetative hyphae. 

The chlamydospores (Fig. 5) are hyaline, later brown, barrel-shaped, 
20-34 X 14-20 w in size. They are produced in chains which occur singly and in 
the sporodochia. In the young stages of development the cells of the monilioid 
filaments are variously shaped—lobulate, moniliform, elbowed, and barrel- 
type. With maturity most of them become barrel-shaped, but not simulta- 
neously. The measurements given are of typical barrel-shaped cells. 

Sclerotia on PDA and PDAA are surface borne, brown to dark brown, round 
to irregular in shape, 3-7 mm in diameter, aggregated in groups or formed 
singly. The sclerotia of isolate 2859 are hard and irregular, and those of 1298 
and 2351 round and woolly. 

Isolate 1298 developed the perfect stage, Ceratobasidium filamentosum, on 
CMA plates only once. The basidial clusters, scattered towards the margin of 
the colony, are white, later light brown, compact, round, up to 0.8 mm in 
diameter. The basidia are simple, clavate to cylindrical, 10-17 X 8-10 yp in size. 
There are normally four, rarely three or five, sterigmata per basidium. The 
sterigmata measure 13-17 X2.5-3.5 uw. The basidiospores are hyaline, smooth, 
apiculate, 8-12.5 X5—6.5 yu in size. 

Isolated in culture from rotting roots of seedlings of P. sylvestris, 1953 (No. 
1298), and from damped-off seedlings of P. banksiana, 1956 (No. 2351), Indian 
Head, Saskatchewan; and from seedlings of Picea glauca, Big River, Saskat- 
chewan, 1958 (No. 2859). 
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These isolates in general possess the cultural, mycelial, and sclerotial charac- 
teristics of R. solani. They differ among themselves chiefly in hyphal diameter, 
and size, shape, and texture of their sclerotia. Occurrence of these kinds of 
variations between strains of R. solani is now well recognized. The structures 
here described as chlamydospores and sporodochia are not new for R. solani; 
these led Ruhland (39) to describe R. solani as a new fungus, Moniliopsis 
aderholdit. The chlamydospores have been previously described as short, ovate 
(monilioid) cells (14, 15, 16) and barrel-type cells (44, 49). Duggar (15) con- 
sidered the individual cells of the chain to bear some resemblance to conidia, 
and they appeared to function as conidia. He also described their germination. 
The structures here called sporodochia have been described by other authors 
as sporodochia-like growth of mycelium (14), tufted or mealy growth (15), 
floccose masses of mycelium (16), and sclerotial initials (44). 

The three isolates of R. solani studied above were not considered sufficient 
to establish the range of chlamydospore measurements for this variable species. 
Because of this, the size measurements of chlamydospores of other typical 
strains of R. solani were also determined (Table I). Although even the total 
number of isolates used may not be large enough to represent the whole group- 
species R. solani, they include a wide range from varied sources and agree 
closely in chlamydospore measurements. 

Since Duggar (15) redescribed the species and collated its synonymy, R. 
solani has been shown to be the most widely distributed of all the soil patho- 
genic fungi. It is a complex species, consisting of numerous recognizable cul- 
tural and_pathogenic strains. The literature on this subject has been reviewed 
adequately by Kernkamp et al. (24) and Flentje and Saksena (18). Full histori- 
cal accounts of the nomenclature and taxonomy of its perfect stage, Cerato- 
basidium filamentosum (Pellicularia filamentosa) have been given by Rogers 
(37), Flentje (17), and Olive (33). Recently Donk (12) has created a new genus 
Thanatephorus, for P. filamentosa. 


TABLE I 
Chlamydospore measurements of isolates of R. solani and C. praticolum 











Isolate 
Species No. Size () Source 
R. solani 1298 20-28 X 14-18 - < - of Pinus 
sylvestris , 
2351 22-30 14-19 Pinus banksiana —«( 528katchewan 
2859 25-34 X 14-20 Picea glauca ) 
RP-53* 27-40 X 15-22 Sclerotia, potato tuber, 
(T. C. Vanterpool) 
RPS* 24-36 X 15-18 Potato (T. C. Vanterpool) 
RP-76* 26-31 15-18 Potato tuber (G. B. Sanford) 
RPS-16* (20)25-35(40) X 15-20 Potato stem, Minnesota 
266 (22)25-35 K 14-20 — beet (Plant Research 
nstitute, Ottawa) 


ATC-10186* (23)26-35(37) X16-20 Potato (J. E. Kotila) 


C. praticolum 26 isolates 
listed in text (15)20-25(27) X10-15 
CMI 34886* 20-26X11-14 Bean seedlings, Slough, England 
(N. T. Flentje) 





*Obtained by courtesy of Professor T. C. Vanterpool. 
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Ceratobasidium praticolum (Kotila) Olive, Am. J. Botany, 44:431. 1957 

Corticium praticola Kotila, Phytopathology, 19:1059. 1929. 

Pellicularia praticola (Kotila) Flentje, Trans. Brit. Mycol. Soc. 39:353. 1956. 

On PDA the colony is zonate and white when young, later greyish white to 
light brown, with flat, dense, mealy, surface mat of radial hyphae. The colony 
surface is often convoluted in longitudinal folds. 

The vegetative hyphae are septate, hyaline,.later light brown, branching at 
right angles, with the first septum a few microns beyond the point of origin. 
The main branch hyphae are 7-10 uw wide. 

The sporodochia on CMA and PDA are abundant, submerged, white, later 
with a brownish tinge, compact, round, up to i mm in diameter. In test tubes 
with seedlings, they develop also on the glass walls, and on the side surface of 
the shrunken agar. In the presence of condensed moisture in the tubes, they 
develop into round sclerotia by anastomosis and intertwining of the chlamy- 
dospore chains and vegetative hyphae. 

The chlamydospores (Fig. 6) are hyaline, later light brown, barrel shaped, 
(15) 20-25 (27) K 11-15 uw in size (Table I). The branched chains of chlamydo- 
spores occur singly and in sporodochia. 

The sclerotia are yellow-brown to brown, round, up to 1 mm in diameter. 
Sclerotia developed inside the agar and on glass sides on PDA and PDAA, and 
on the surface of the colony on PDAA. They occur mostly aggregated into 
groups when submerged, and irregularly distributed when on the surface. The 
number of sclerotia on PDAA varied from 5 to 75 per flask in different isolates. 
Sclerotia of isolates 2223, 2225, and 2040 were larger, up to 3 mm in diameter, 
formed either by coalescence of sclerotia in close proximity or production of 
one on top of another. 

The 26 isolates that were studied developed the perfect stage on the surface 
of CMA plates within 15 to 20 days after inoculation. The plates were kept 
at room temperature (22—25° C) in cupboards with glass doors, inside a room 
receiving light daily for at least 8 hours from fluorescent tubes. The hymenial 
growth was scanty to profuse, covering almost the whole agar surface, but 
more commonly occurring freely only in the outer 2 cm of the plates. The 
hymenium consists of mealy, white, flat plaques up to 1 mm in diameter. The 
basidia are simple, clavate, (12) 14-21 5.5~—8 uw in size. There are one to five, 
but most commonly three or four sterigmata per basidium. The tapering sterig- 
mata are (18) 23-30 (36) uw long and 2.5-3 uw wide at the widest point. The 
basidiospores are thin-walled, smooth, hyaline, apiculate, ovate, 5.5—8.5 (10) X 
4.5-5.5 (7) uw in diameter. 

The 26 isolates studied have been obtained in the years 1953 to 1956 from 
forest nurseries at Big River, Indian Head, and Sutherland in Saskatchewan, 
and at Pineland and Marchand in Manitoba, from seedlings of Picea pungens 
Engelm. (No. 1347), Pinus banksiana (Nos. 1250, 1687, 2223, 2224, 2234, and 
2235), P. contorta var. latifolia (No. 2188), P. resinosa (No. 1244), P. sylvestris 
(Nos. 1674, 2225, 2346, and 2353), Caragana arborescens (Nos. 1143, 1187, 1218, 
1224, 1235, 1237, 1248, 1677, 2040, 2041, and 2043), and unidentified seedlings 
in the greenhouse (Nos. 2401 and 2402). 

Kotila first described Corticium praticola as a sporeforming Rhizoctonia, dis- 
tinct from Corticium vagum B. & C. (later called Pellicularia filamentosa) and 
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its imperfect stage, R. solani. Rogers (37) regarded C. praticola as a species 
inquirende, while Cunningham (10) listed it as a synonym of P. filamentosa. 
Like Kotila, Flentje (17) considered the differences between the two species 
sufficient to maintain the separation and following the work of Rogers (37), 
reclassified C. praticola as Pellicularia praticola (Kotila) Flentje. Recently Olive 
(33) has proposed a new combination Ceratobasidium praticolum (Kotila) 
Olive for it. 

The isolates studied here agree closely with C. praticolum as described by 
Kotila (25) and Flentje (17). Their basidiospore measurements are more in 
agreement with those quoted by Kotila (25) than by Flentje (17), who gave 
slightly greater measurements. Both these workers found three sterigmata per 
basidium to be of common occurrence in C. praticolum in contrast to the usual 
four in C. filamentosum. We found nearly as many basidia with four sterigmata 
as with three in some of the isolates. 

The authors agree with Kotila (25), Vanterpool (54), and Flentje (17) that 
C. praticolum and C. filamentosum are distinguishable on the basis of their 
perfect stages and they also consider them to be distinct culturally and morpho- 
logically in the vegetative state. Cultures of isolates of C. praticolum in vegeta- 
tive state are readily distinguished from R. solani (and from other Rhizoctonia 
species) by their faster growth rate (0.72 mm/hour compared with 0.49 
mm/hour of R. solani) and production of a flat, mealy, greyish white surface 
mat of hyphae, compared with the felty and cottony brown growth of R. solani. 
The barrel-shaped chlamydospores of C. praticolum are smaller than those of 
R. solani. Isolates of C. praticolum from various sources show uniformity in 
cultural and morphological characters, as was also observed by Flentje (17), 
whereas isolates of R. solani show marked differences in details of these charac- 
ters (18, 24). C. praticolum produces the perfect stage readily in culture, which 
is also the experience of other workers (17, 25, 41, 54), whereas the C. flamento- 
sum stage of R. solani is difficult to obtain in culture. C. praticolum is unspecial- 
ized in regard to pathogenicity, attacking a wide range of hosts as discussed 
later, whereas R. solani consists of numerous pathogenic and even non-parasitic 
strains (18, 24, 42). 

Flentje (17) found C. praticolum in the vegetative state to be readily dis- 
tinguishable by its cultural appearance from those isolates of R. solani that 
have C. filamentosum as their perfect stage, but treated it as a form of R. solani. 
C. praticolum is shown to differ from R. solani as well as from C. filamentosum. 
We see no reason why C. praticolum in the imperfect stage should be referred 
to R. solani, as has been the practice previously in the literature. As R. solani 
is a large and heterogeneous group species, inclusion of C. praticolum is con- 
fusing. It is therefore suggested that C. praticolum in its imperfect stage should 
be called Rhizoctonia praticola to distinguish it from R. solant. 


Pathogenicity 
The Rhizoctonia species were grouped in the following three major patho- 
genicity classes: I, those rotting roots and hypocotyls, and causing damping- 
off; II, those producing chlamydospores within the root cells and causing 
varying disorders; and III, those which penetrated the host roots but did not 
produce any apparent disease. 
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The percentage of seedlings affected and the symptoms (damping-off, root 
rot, or aerial rot) produced under aseptic conditions in test tubes are recorded 
in Table II. Selected isolates were further studied in soil. In addition to 
symptoms given in Table II, the isolates of pathogenic group II depressed root 
development and growth of affected seedlings. This effect on growth was better 
observed in soil than in test tubes. Therefore the differences in growth and root 
development of diseased and check seedlings recorded in Table III were used 
as an index of pathogenicity. 


Pathogenic Group I 

R. dichotoma and all the 26 isolates of C. praticolum caused severe rotting of 
the hypocotyl and roots near soil level of all hosts. The rotting extended rapidly 
through the entire plant which damped off. R. dichotoma was most severe in 
its attack on caragana, causing complete rotting of seeds before germination. 
Isolates of C. praticolum differed in their virulence, although all the hosts were 
susceptible to all the isolates. 

R. solani (C. filamentosum) isolates caused rotting of the roots and hypocotyl 
near soil level. In a few seedlings the rot gradually extended to entire plants, 
killing these. Other affected plants remained alive though impaired in health. 
Isolates 1298 and 2351 were more virulent than 2859. 

R. lilacina caused rotting of seeds and young radicles in all hosts, with 
varying intensity. The seedlings of Caragana, Pinus, Thuja, and Ulmus suffered 
heavy mortality in the pre-emergence stage. The rotting seeds which had 
become soft were covered with a downy, persistent growth of lilac-colored 
mycelium. Most of the survivors recovered well despite necrotic lesions on roots 
and hypocotyls. This is the first record of pathogenicity for R. lilacina. 

R. endophytica var. filicata usually caused dark lesions of varying intensity 
on the roots and hypocotyls in the seedlings of all hosts. In test tubes, it also 
attacked the leaves and growing tips of some of the seedlings of caragana, pine, 
and tomato, covering them with a web of aerial mycelium. Seedlings, other 
than those severely attacked, recovered and continued normal growth. Those 
severely attacked, such as pine, caragana, and tomato, were stunted with 
poorly developed root systems that were discolored, soft, and flaccid (Fig. 9). 
The top leaves of the stunted seedlings later become yellow. The fungus formed 
a thin cover of hyphae on the root surface, from which hyphal branches pene- 
trated the epidermal cells. In severely affected roots, the hyphal penetration 
extended down to cortical and pith cells, partially or completely filling them 
and causing their collapse. R. endophytica var. filicata was not observed to 
produce chlamydospores in root cells, which were so characteristic of type 
species R. endophytica. 


Pathogenic Group IT 

R. endophytica, R. callae, R. globularis, and R. repens were all characterized 
by production of chlamydospore chains in the root cells of seedlings of all test 
plants. This intracellular infection often resulted in discoloration of roots in 
patches and formation of lesions of varying severity on roots and hypocotyls. 
In seedlings affected with R. callae and R. endophytica the rotting sometimes 
extended to entire seedlings, killing these. R. endophytica, R. callae, and R. 
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PLATE I 





Fics. 1-8. Rhizoctonia species. 

Fics. 1-6. Chlamydospores (200). Fig. 1. R. callae isolate 2121. Fig. 2. R. lilacina 
isolate 1142. Fig. 3. R. repens isolate 2583. Fig. 4. R. rubiginosa. Fig. 5. R. solani 
isolate 2351. Fig. 6. Ceratobasidium praticolum isolate 1250. 

Fic. 7. R. solani isolate 1298, sporodochia on walls of test tube, with seedlings. 

Fic. 8. C. praticolum isolate 1250, basidia with sterigmata and basidiospores (X 1500). 
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Fics. 9-16. Rhizoctonia species. 

Fic. 9. Caragana (A-1) and pine (B-1) seedlings from soil inoculated with R. endophy- 
tica var. filicata showing root rot and arrested growth. A-2 and B-2 respective check seed- 
lings. 

Fic. 10. Portion of root of beet seedlings covered with dense, external mat of chlamy- 
dospores of R. globularis isolate 2287. 

Fics. 11, 12. Sections of affected root of seedlings showing intracellular infection of 
cortical cells by chlamydospores of R. endophytica isolate 2320. Fig. 11. Vertical section 
of pine root. Fig. 12. Cross section of tomato root. 

Fics. 13-15. Section of affected roots of seedlings showing intracellular infection of 
cortic al cells by chlamydospores of R. repens isolate 2583. Figs. 13, 14. Vertical sections 
of pine and tomato roots respectively. Fig. 15. Cross section of pine root. 

Fic. 16. (Right) Pine seedlings from soil inoculated with R. globularis isolate 2287 
showing poor development of roots and stunted growth; (left) check. 
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repens also attacked the aerial parts of some host seedlings in test tubes. The 
mycelia of these three species grew sparingly on the surface of roots and hypo- 
cotyl, occasionally producing chlamydospores. R. globularis, on the other hand, 
produced profuse white, downy, mycelial growth on the surfaces of seeds, roots, 
and hypocotyls. The mycelial growth later produced a dense external mat of 
chlamydospore chains adhering closely to roots and encasing them (Fig. 10). 
The investment of both long and short roots by the chlamydospore mat must 
hinder absorption. 

Besides these visual effects, the cortical cells of the affected roots were found 
heavily invaded by thick intracellular hyphae which subsequently produced 
the chlamydospore chains. R. endophytica differed from the other three species 
in manner of development of the chlamydospores inside the host cells. 

The chains of chlamydospores produced by R. endophytica were compressed 
and recoiled upon themselves till they occupied and blocked all available space 
of the cell cavity (Figs. 11 and 12). Hyphae from such cells continued to grow 
to other adjoining cells where similar groups of chlamydospores developed. The 
invasion sometimes became so heavy that every cell of the cortex was filled 
with chlamydospores. All the six isolates of R. endophytica tested caused similar 
intracellular infections. 

The chains of chlamydospores produced by R. callae, R. repens, and R. 
globularis grew vertically within the lumen of the cortical cells (Fig. 13). 
Lateral branch chains from these penetrated adjoining cells, and continued 
vertical growth. This process was repeated until, in severe infections, most of 
the cortical cells were invaded by chlamydospore chains (Fig. 14). Usually 
there were one to two chains per cell cavity but sometimes three to four chains 
were pressed against each other, partially filling the cell cavity. It is suggested 
that vertical entry from cell to cell of these chains is gained by the mechanical 
pressure of the growing apical chlamydospores against the middle lamella. In 
a cross section of affected roots, the globose chlamydospores, usually one per 
cell (Fig. 15), resembled the resting sporangia of lower Phycomycetes. The 
chlamydospores can be also readily mistaken for vesicles commonly formed by 
certain phycomycetous mycorrhizal fungi, but attributed also by some workers, 
perhaps erroneously, to Rhizoctonia species (20). 

The chlamydospores of R. endophytica, R. callae, R. globularis, and R. repens 
invaded all parts of the root system in the above described manner. The intra- 
cellular infection by each of these produced varying intensity of disease. In 
general, the affected seedlings, apart from those few that were killed early, had 
a poorly developed root system, dark in color, with defectively branched main 
roots, and poorly developed sublaterals. The seedling growth was noticeably 
depressed, and the leaves became chlorotic (Fig. 16). 


Pathogenic Group III 

R. hiemalis and R. rubiginosa caused slight soft rot of the leaves of a few 
caragana seedlings in test tubes. Other than this, there was no apparent effect 
on the seedlings which compared well with the check seedlings. Intracellular 
hyphae were observed in the cortical cells of the roots of the seedlings of all 
hosts. The experiments were not continued long enough to reveal the nature 
of this intracellular association or its effect on mycorrhizal formation, if any. 
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R. hiemalis is a low-temperature fungus, and its behavior is likely influenced 
by temperature. 


Discussion 
1. Identification of Rhizoctonia Species 

The chlamydospores produced by 43 isolates of Rhizoctonia comprising six 
species were examined to assess their taxonomic importance in the genus 
Rhizoctonia. As in the previous study (43), the chlamydospore characters were 
found to be consistent within a species, but to differ between species. The 
similarity in shape and size of chlamydospores of 27 isolates from various 
sources, all of which formed Ceratobasidium praticolum as perfect stage, is an 
important indication of chlamydospore consistency within a species. A few 
isolates were identified as C. praticolum by their chlamydospore and cultural 
characters. This identification was later confirmed when they were induced to 
fruit. The difference in chlamydospore size of Rhizoctonia stages of C. prati- 
colum and C. filamentosum further confirms the diagnostic value of this struc- 
ture. As stated in the introduction, this character has not received sufficient 
emphasis in the literature to show its true diagnostic value. From the consis- 
tency with which this character is maintained within a species, it is believed 
that it can and should be used as a dependable diagnostic character in differen- 
tiating species of Rhizoctonia, in addition to the cultural, mycelial, and sclero- 
tial characters. The same cannot be said for sporodochia, which varied within 
a species when grown on different substrates. 

All the isolates of the 10 different species studied produced the chlamydo- 
spores in chains on different culture media, on the walls of test tubes with 
seedlings, and within and on the surface of inoculated soil. R. callae, R. endo- 
phytica, R. globularis, and R. repens also produced them on the surface of roots 
and hypocotyls, and inside the cortical cells of host seedlings. Chlamydospores 
or chlamydospore-like bodies are reported for a great many other species of 
Rhizoctonia (3, 4, 6, 7, 9, 11, 27, 31, 32, 40, 45, 46). In the past the sporodochia 
of chlamydospores were considered to be sclerotial initials which later develop 
into sclerotia, but several species of Rhizoctonia produce chlamydospores and 
sporodochia but no sclerotia (4, 9, 11, 40, 43, 45, 46). Moreover, sclerotia are 
not always made up of chlamydospores, and all chlamydospores, particularly 
those formed outside sporodochia, do not produce sclerotia. This suggests that 
chlamydospores and sporodochia are of more common occurrence, and are 
more readily and abundantly produced than sclerotia, in the Rhizoctonia group 
of fungi. This is significant since the concept of the genus Rhizoctonia was 
primarily based on the characters of the sclerotia. As discussed in the review, 
the concept of the genus has broadened in recent years with the acceptance of 
certain characteristics of the mycelium common to some species, as typical of 
the group. The production of chlamydospores in branched monilioid chains 
should also be considered a characteristic of the group, and because of their 
diagnostic value, the chlamydospore characters need to be fully described in 
future treatment of species of Rhizoctonia. 

When vegetative growth is established, the hyphae produce chlamydospores 
for some time and finally become vacuolated and empty. The presence of oil 
globules and granular matter in large amounts in the chlamydospores sug- 
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gests that they are organs of storage. They germinate readily in the presence 
of moisture (14, 15, 31, 43) and fresh food supply, and occasionally also on old 
media. The resulting mycelium grows vigorously, and in turn produces chlamy- 
dospores. This process is repeated, suggesting that chlamydospores help reju- 
venate the fungus for continued growth. Similar swollen cells formed by the 
mycelium of Coprinus lagopus Fr. are considered by Madelin (29) to be organs 
of storage in preparation for fruiting. They are formed even in haploid mycelia, 
which normally do not fruit. Species of Rhizoctonia do not fruit readily, if at all, 
and the chlamydospores may serve the function of regeneration of vegetative 
mycelium. 

No exhaustive examination of the factors affecting chlamydospore formation 
was attempted, but some consistent occurrences were observed. The chlamy- 
dospores formed best in test tubes with seedlings, and in soil in jars with lids. 
These were kept partially submerged in water baths in growth chambers. 
Under these conditions, the relative humidity inside the tubes and the jars 
was high, and this seemed to favor chlamydospore formation. Under the same 
conditions, in the presence of condensed moisture in test tubes and soil surface, 
some of the sporodochia developed into sclerotia. This supports Sanford’s (44) 
findings that condensation of the moisture of the air on surfaces is one of the 
factors governing formation of sclerotia. Nutrient-rich media like PDA and 
PDAA did not favor chlamydospore development as much as CMA. 


2. Pathogenicity 

Many of the earlier published pathogenicity tests with Rhizoctonia species 
have only limited value because of the confused state of taxonomy of these 
fungi. Many of the species reported here may have earlier been misidentified 
under the convenient label, R. solani. Furthermore, some of these may be rare, 
and many are much more difficult to isolate than R. solani and C. praticolum, 
and therefore may have been neglected. A valid pathogenicity test with iso- 
lates of groups II and III (Table IT) is also more difficult to conduct than with 
those of group I, which contains R. solani and C. praticolum. Nevertheless, R. 
praticola and many strains of R. solani are highly virulent and common patho- 
gens on numerous tree species under a variety of conditions (5, 22, 38, 50, 52, 
53). 

Indications of the relative importance of C. praticolum and R. solani are 
given by recent pathogenicity tests (52, 53) as well as by the great predomi- 
nance of C. praticolum over R. solani in our isolations and by the above results 
(Table II). At least in the forest nurseries of the Prairie Provinces, C. prati- 
colum is by far the more important species. A few Rhizoctonia isolates were sent 
by Mr. S. Whitney from Quebec nurseries and by Dr. A. G. Davidson from 
New Brunswick nurseries. Many C. praticolum isolates were found amongst 
those identified. Outside North America, this species has been found to occur 
in such widely separated countries as England, Australia (17, 18), and India 
(41). All of these isolates were found to be non-specialized and highly virulent 
pathogens, a result similar to that shown in Table II. All these facts suggest 
that C. praticolum may be of great importance in forest nurseries in different 
parts of the world. In future studies it should be differentiated from R. solani, 
from which it differs culturally and morphologically. 
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Although the general virulence and pathological importance on forest tree 
seedlings of R. solani, and especially of C. praticolum, are obvious, the following 
exceptional results should not be forgotten. Many, but not all, R. solani isolates 
are highly specialized as to host (18, 24, 42); isolates of R. solani have even 
stimulated germination and seedling growth in orchids (13) and in Quercus 
robur L. (23). Vaartaja and Cram (52) reported that inoculation with an isolate 
of R. praticola on a certain progeny of Picea glauca gave a statistically signifi- 
cant increase in germination over the control; there was some damping-off, but 
significantly less than with seven other tree progenies. This specificity is 
remarkable as the same isolate (No. 1347) has been uniformly very virulent in 
numerous other tests (8, 51, 53), including those in Table II. 

R. repens is known to be a symbiont in orchid roots (3, 4, 11). R. callae, R. 
endophytica, and R. globularis also resemble the orchid Rhizoctonia in certain 
morphological aspects and in the habit of filling the host cells with fungal 
masses. However, no digestion of the chlamydospores of any of these species 
was observed in the root cells as is known to occur in the case of the intracel- 
lular hyphal masses of the Rhizoctonia spp. in orchid roots (60). Under recorded 
conditions, normally the effect of the root attacks by these four species was not 
lethal, but undoubtedly the observed condition of the root systems described 
was responsible for the yellowing of foliage and the reduced seedling growth. 
In forest nurseries, abnormal mycorrhiza are often associated with poor growth 
(20, 28, 32). It is possible that this is due to early infection by these endophytic 
species. These species commonly invade the roots, but under conditions of high 
humidity in dense nursery stands they may also attack the aerial parts. This 
is suggested by their frequent aerial attacks on seedlings growing close together 
in test tubes. A few of the isolates were actually cultured from aerial parts of 
the seedlings. 

Intracellular infection of roots similar to that caused by these endophytic 
species is little known, but has been previously reported in pine and spruce 
by R. silvestris (26, 32, 35), in Juniperus communis by R. juniperi (27), and in 
strawberry and tobacco (21) by Rhizoctonia spp. In all these cases the fungal 
association was found to be of a parasitic nature. Endophytic species of 
Rhizoctonia are known that exert a beneficial effect by forming mycorrhiza 
with orchids (3, 4, 60), and probably with Ericaceae and certain liverworts (20). 
Furthermore, according to Harley (20), endophytic Rhizoctonia whose nature 
of association is little known, have been isolated by Peyronel and some other 
workers from a number of different species of plants. 

In reviewing the work on endotrophic mycorrhiza, Harley (20) has com- 
mented “that the fungi grouped under the genus Rhizoctonia are a very con- 
sistent part of the rhizosphere flora of many wild and cultivated plants’’ and 
that their mycelia ‘‘are to be expected in the external tissues and on the surface 
of root of almost any plant ...”’. The frequency of isolation of Rhizoctonia from 
different plant species in forest nurseries, and particularly the fact that all 
these species are unspecialized as to hosts, lends support to this statement. 

It should be understood that the results of tests under sterile conditions 
(Tables II and III) indicate only the potential pathogenicity of the isolates. 
This, of course, is of value in many ways, but the actual virulence may be much 
lower under natural conditions where intense microbiological competition 
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occurs (53). On the other hand, some of the isolates, especially the endophytes, 
may be more virulent if the host is weakened by special conditions. This is, 
for instance, conceivable with R. hiemalis, which obviously is especially 
adapted to low temperatures. 

Lindquist (28) found that Mycelium radicis nigrostrigosum (Cenococcum 
graniforme Lihnell), which ordinarily forms ectotrophic symbiotic mycorrhiza 
with tree roots, became pathogenic under low light intensity. This suggests 
that many of the mildly pathogenic relationships found under 1500 ft-c in the 
tests of Table II might change into symbiotic ones under full sunlight (ca. 
10,000 ft-c). Examples of such shifts in the virulence of endophytes with 
changing environments have been given by Melin (32) and Winter (59). There- 
fore, further studies are needed on these fungi, particularly on the endophytes, 
in various soils and under various physical conditions, to obtain better infor- 
mation on the nature of association. 
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DEMONSTRATION OF PHOTOPERIODIC ECOTYPES 
IN LIRIODENDRON AND QUERCUS! 


O. VAARTAJA? 


Abstract 


Seedlings of Liriodendron tulipifera responded very sensitively to daylength 
treatments in growth chambers. A certain denna (6-hour night) inhibited 
northern but not southern seedlings. The same was true with seedlings of Quercus 
macrocarpa but the inhibition occurred under very short days (12-hour night) 
and the responses were smaller. In this species the onset of dormancy was 
controlled more strongly by the endogenous growth rhythm. The different photo- 
periodic responses appear to be an adaptation mechanism in these as well as in 
other species studied earlier. The responses could conceivably function for reliable 
timing in the alternation of growing and dormant stages. 


Introduction 

According to literature reviews and new data (6, 7), the photoperiodic 
response varies considerably within each tree species with wide latitudinal 
occurrence in temperate and cold climates. This has been established for al- 
most all of about 25 species studied to date. In northern ecotypes dormancy 
is induced by a longer day than in southern ecotypes. Such ecotypes appear 
to exist in many species of the genera Populus, Pinus, Alnus, Picea, Acer, 
Betula, Fraxinus, Larix, Pseudotsuga, Ulmus, and Tsuga (6). The experiments 
reported here were made to determine whether similar photoperiodic ecotypes 
exist in Liritodendron tulipifera L. (tulip tree) and Quercus macrocarpa Michx. 
(bur oak). 


Methods 

The six sources of L. tulipifera seed were: Michigan (43° N. lat.), Ohio 
(40°), Indiana (39°), North Carolina (35°), South Carolina (34°), Georgia 
(32°). The seed of Q. macrocarpa originated in Manitoba (51°) and Nebraska 
(41°). All the seed sources were located at low elevations in continental climates. 

Germinating seeds were planted in glass jars, one in each, in a mixture of 
sand, sphagnum moss, and forest humus. The jars were watered daily and 
fertilized every 4 weeks. The tests were conducted separately from the two 
species. 

The jars were kept in growth chambers under 4X4 ft light banks with 12 
cool, white fluorescent tubes and 4 tubular 25-w incandescent bulbs. The light 
intensity varied between 400 and 700 ft-c at the tip of the plants depending 
upon their height. The temperature varied from 15°C at night to 24° (L. 
tulipifera) or 28° (Q. macrocarpa) during the day. During the last 3 weeks 
before termination of the tests, the daily maximum occasionally reached 35°. 

Daylength treatments were arranged by providing light for 1 hour at dif- 
ferent times during the night as described earlier (9). This provided conditions 

1Manuscript received November 28, 1960. 
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which differed photoperiodically but which had the same amount of light in 
each of four treatments. The names of the treatments and the longest dark 
period were: very long day (VLD), 3 hours; long day (LD), 6 hours; short 
day (SD), 9 hours; very short day (VSD), 12 hours; and extremely short day 
(ESD), 15 hours; in the last-mentioned treatment the amount of light was 
slightly less than in other treatments. 

There were not enough germinating seeds of .L. tulipifera of the same stage 
of development to make a significant estimate of the growth for each individual 
seed source. Therefore a comparison was made only between “northern” 
vs. “southern” seedlings. This was done by arranging the seedlings in pairs, 
each containing one from the three northern sources and one from the three 
southern sources; in each case the latitudinal distance between the origins of 
members of a pair was from 5 to 8°. For the statistical analysis, the ratios for 
each pair were used rather than the actual growth values. The method was 
the same as in earlier tests (6, 7). There were 10 replications. 

“Northern” and “southern” oaks were similarly compared, the latitudinal 
distance (Manitoba—Nebraska) being 10°; there were 14 replications. 


Results with Liriodendron tulipifera 
The growth responses considered typical for the seedlings of L. tulipifera 
are illustrated in Figs. 1 and 2. These demonstrate the generally better growth 
under long days. Figure 2 indicates some of the main differences found between 
seedlings from the most northern source (Michigan), from the most southern 
source (Georgia), and from an intermediate one (Indiana). 





Fic. 1. Average seedlings of Liriodendron tulipifera from Georgia grown under VLD 
(left) and ESD (right) for 6 months. The treatments are described in the text and in ref. 9. 
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Fic. 2. Height of seedlings of Liriodendron tulipifera from Michigan (lat. 43° N.), 
Indiana (39°), and Georgia (32°) grown under four photoperiodic treatments for 7 months. 
The treatments, VLD, LD, SD, and VSD, are descri in the text and in ref. 9. 


Table I illustrates that the tips of the southern seedlings remained actively 
growing in treatments where the northern ones became dormant. For both 
northern and southern sources the dormancy began earlier under short than 
long days. In 7 months, at least some seedlings in all treatments ceased elongat- 
ing, and formed terminal buds. This is in contrast to a few seedlings that were 
kept under continuous light under somewhat different conditions, and which 
continued elongating for at least 10 months. 

Table II indicates significant differences in the responses of L. tulipifera 
to the treatments. As in tests with other species (6, 7), the growth ratios 


TABLE I 


Dormancy of the tip and presence of terminal bud in seedlings of 
Liriodendron tulipifera grown under different photoperiodic 
treatments* for 7 months 














Northern sources, Southern sources, 
Treatment* 39° to 43° $2” to'33” 
VLD + - 
LD + + 
SD + + 
VSD + + 
ESD + + 
on + Buds present in 75~-100%. + Buds present in 25-75%. —Buds present in 
*Treatments described in the text and in ref. 9. 


TABLE II 


Growth ratios (northern/southern) in seedlings of Lirtodendron tulipifera grown 
under different photoperiodic treatments* for 7 months 











Growth expression VLD LD SD VSD ESD 
Height 1.08 <—| .79 .77 .79 |— .98 
Weight of top 1.22 .92 .65 71 |— ~ .94 
Weight of roots 1.24 1.07 A | .74 .82 





*Treatments described in the text and in ref. 9. 
|——» Indicates a difference significant at p < .0S. 
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(northern/southern) of this species followed certain patterns: 

(a) The ratios were high (close to 1.0) under VLD. This is explained as a 
result of uninhibited growth in seedlings of both sources. 

(b) The ratios were somewhat lower, but still relatively high under ESD. 
This is because both northern and southern seedlings soon became inhibited 
by such treatments. 

(c) Under certain intermediate treatments, the ratios were low; these day- 
lengths inhibited most of the northern seedlings, but not the southern ones. 

(d) These inhibitory daylengths were slightly different for different growth 
expressions; thus, the height growth was inhibited by a relatively long day 
which, however, was not inhibitory to weight increases. 

(e) The ratios for roots were usually higher than for tops, indicating that 
the northern ecotypes have an inherently heavier root system. 


Additional Observations with Liriodendron tulipifera 

In addition to the above main experiments, seedlings of L. tulipifera from 
Indiana were grown under the following conditions: 

(a) The jars were surrounded by water baths at 14° and 20° C to provide 
cool and warm root environment. These two temperatures did not cause dif- 
ferences in growth under ESD. Under VLD, where the daylength was not a 
limiting factor, the warm bath caused slightly longer but lighter tops and much 
lighter root system; the average weight of roots was only 42% of that in the 
cool bath. This response is related to the inherent tendency of northern seed- 
lings to have heavy roots. Obviously there are both genetic and environmental 
adaptations to provide enough root activity in cool soils. 

(b) The seedlings were kept under continuous light at constant low (13° C), 
cool (18°), and high (35°) temperatures. At 13° the seedlings remained normal, 
but grew extremely slowly and finally formed terminal buds in spite of being 
only 5 cm high. At 35° the seedlings soon became chlorotic and died. At 18° 
the seedlings grew well, attaining a height of 18 cm in 7 months; the root system 
was excessively heavy. 


Results with Quercus macrocarpa 

The growth responses in average seedlings of Q. macrocarpa are illustrated 
in Fig. 3. The responses were smaller than in L. tulipifera, and were caused by 
shorter daylengths. Most oak seedlings soon ceased elongating and formed 
terminal buds regardless of the treatment, obviously as a result of a strongly 
determined endogenous growth rhythm. The two shortest daylengths (VSD 
and ESD) slightly reduced growth, which tends to follow a rigidly controlled 
pattern in this species. The growth reduction was usually seen in the length 
of the second internode. 

In spite of the larger seeds and greater weight of the southern seedlings, the 
northern seedlings reached similar stem lengths under most of the treatments. 
In most northern seedlings the second internode was very long. 

Table III shows that the responses in Q. macrocarpa did not follow the same 
pattern as in L. tulipifera (Table II) and in many other species (6, 7). How- 
ever, there was the typically low growth ratio under certain short days (VSD 
and ESD) as a result of the northern seedlings being somewhat more inhibited. 
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This difference was significant in height growth only. 

An attempt was made to repeat the experiment with seedlings from Mani- 
toba (51°) and Kansas (39°). There was again a low ratio for height growth 
under ESD. The differences, however, were not statistically significant, prob- 
ably due to the large individual variation and the replication number being 
low, only 8. 





u — ee ats 


Fic. 3. Average seedlings of Quercus macrocarpa from Manitoba (lat. 51° N.) (upper 
row) and Nebraska (41°) (lower row) grown under four photoperiodic treatments for 4 
months. The treatments, described in the text and in ref. 9, are from left to right: LD, 
SD, VSD, and ESD. 


TABLE III 


Growth ratios (northern/southern) in seedlings of Quercus macrocarpa grown 
under different photoperiodic treatments* for 4 months 











Growth expression VLD LD SD VSD ESD 
Height 1.05 .97 .99 <4 .78 .67 
Weight of top .50 .53 .54 .62 .42 
Weight of roots .43 .49 oe 45 61 





*Treatments described in the text and in ref. 9. 
|—— Indicates a difference significant at p < .05. 
Discussion 

The data in Tables I and II indicate that the species Liriodendron tulipifera 
contains photoperiodically different ecotypes. The differences in the photo- 
periodic responses were similar to those demonstrated earlier in many other 
tree species (6, 7). The data were sufficient to show only the existence of a 
statistical difference, but there were indications (Fig. 2), and it appears plau- 
sible, that the variation is gradual and continuous. This may be true through- 
out the north-south range of the species, and this variation may be super- 
imposed on a similar clinal variation from high to low elevations. There is 
evidence that tree ecotypes from different elevations differ photoperiodically 
(i, 2, 4, 5). 
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Although much less responsive to photoperiods, Quercus macrocarpa also 
showed significant interaction of the seed source and the photoperiodic re- 
sponse. This is interpreted as evidence of photoperiodic ecotypes in this species. 

The obvious explanation for the photoperiodic ecotypes is that they are an 
indirect evolutionary adaptation. They function to regulate a safe timing for 
the alternation of the active growth stage, which is susceptible to cold and 
drought, and of the dormant stage, which is. hardy (6, 7, 10). Short photo- 
periods have been shown to make tree seedlings resistant to cold (3) and 
drought (8). It appears that in Q. macrocarpa the timing is regulated mainly by 
the endogenous rhythm and only partly by the photoperiodic mechanism. 
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STUDIES ON CLOVER YELLOW MOSAIC AND WHITE CLOVER 
MOSAIC VIRUSES' 


MICHAEL J. PRATT 


Abstract 


Two viruses, clover yellow mosaic (CYMV) and white clover mosaic (WCMV), 
were separated from mixed natural infections of various clovers by inoculation of 
differential hosts. The host reactions of four CYMV and two WCMV isolates 
were studied in detail. Precipitin tests showed that the two viruses are not related 
serologically. In cross-absorption tests different host reactions characterizing 
individual CY MV isolates were reflected in serological interactions; with WCMV 
isolates the relationship was less clearly defined. A comparison of isolates from 
different parts of the world by serological methods showed that CYMV is 
common in western North America, while WCMV occurs in Europe, North 
America, and New Zealand. Pea mottle and pea wilt viruses may be equated 
with CYMV and WCMV respectively. 


Introduction 

Early reports by Zaumeyer and Wade (14, 15) and Pierce (11) described the 
host reactions on legume species and the physical properties of virus from 
mosaic-infected white clover. Zaumeyer and Wade made the suggestion that 
mosaic of white clover might be caused by two distinct viruses. 

In 1942 Johnson (8) showed that white clover mosaic was caused by a 
complex of two viruses which he named pea mottle and pea wilt. He found 
that pea mottle virus infected plants in the Leguminoseae, Caryophyllaceae, 
Cucurbitaceae, and Scrophulariaceae, while pea wilt virus only infected plants 
in the Leguminoseae. Both viruses were inactivated when heated to tempera- 
tures in the region of 60° C for 10 minutes. Both were still infective after 31 
days ageing in vitro and both had relatively high dilution end points. Pea 
mottle virus was separated by transmission through dodder, pea wilt virus by 
passage through cowpea. 

With the possible exception of a report by Matsulevich (10), the resolution 
of white clover mosaic into two component viruses has not been confirmed. 
Matsulevich reported that a red clover mosaic which was widespread in the 
Ukraine was caused by a complex of viruses, as described by Johnson. Leaf 
symptoms in clover were distortion, chlorotic flecks, and necrotic stripes. His 
conclusion that pea mottle and pea wilt viruses were present was based on the 
transmissibility of one of the viruses to pea by an unspecified aphid, the host 
reactions of the viruses on bean and pea, and the fact that they were inacti- 
vated by a temperature of 70°C but not 65°C. Other attempts at aphid 
transmission of the viruses have been negative (1, 2, 5, 8, 13). 

The viruses from white clover studied by Zaumeyer and Wade, Pierce, and 
Johnson are no longer available. More recently, isolates have been reported 
which, on the basis of host reactions and physical properties, resemble one, or 
even both, of Johnson’s viruses. A German isolate (4, 12) and a New Zealand 

1Manuscript received February 13, 1961. 
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isolate (5, 6) appeared to be related to pea wilt virus. A virus isolated in The 
Netherlands resembled pea mottle virus by systemically infecting cucumber 
and in being transmissible by dodder, but resembled pea wilt virus by infecting 
cowpea. A California isolate which infected cowpea and snapdragon, but not 
cucumber, was concluded to be similar to Johnson’s pea mottle — pea wilt 
complex, but consisted of only one component (13). An Indiana isolate 
resembled pea wilt in some of its host reactions, but multiplied in several non- 
leguminous hosts, including cucumber (1). 

Exchange of antisera has shown that white clover mosaic virus is present in 
British Columbia, California, Germany, Indiana, New Zealand, and The 
Netherlands (3). 

Clover with mosaic symptoms is common on the Pacific coast. In this paper 
the host and serological reactions of two viruses associated with these symptoms 
were studied in some detail in order to relate them to other reports of viruses 
from clover. 


Experimental 
Separation and Isolation of the Viruses from Various Sources 

Initial attempts to separate two viruses from mosaic-infected clover from 
the Vancouver vicinity by Johnson’s technique of passage through dodder and 
cowpea were unsuccessful. Host range and symptoms were unchanged by 
inoculation from cowpea leaves which had been inoculated from clover. No 
virus transmission by dodder could be demonstrated with this material. 
Inoculation to a series of test plants and the ability to withstand in vitro 
ageing for 30 days indicated that the virus or viruses present resembled pea 
mottle and pea wilt viruses. Samples of virus-infected clover were therefore 
collected from the lawns of the Washington State University campus, Pullman, 
where Johnson obtained the material for his work. 

Cowpeas (Vigna sinensis (Torner) Savi) inoculated with the Pullman 
material developed systemic symptoms after 2 to 3 weeks. Inoculation of 
Gomphrena globosa L. and broad bean (Vicia faba L.) from leaves showing these 
symptoms resulted in local lesions and systemic infection of the broad bean, 
but no symptoms on G. globosa. 

Healthy broad bean plants connected by dodder (Cuscuta campestris 
Yunck.) from broad bean plants inoculated with the Pullman material 
developed a systemic mottle in 3 to 4 weeks. Inoculation of G. globosa with the 
leaves of these plants resulted in local lesions while inoculation of broad bean 
resulted in a similar systemic symptom but no local lesions. 

The virus which was obtained from the systemically infected leaves of cow- 
pea will be referred to as white clover mosaic virus (WCMV). The dodder- 
transmissible virus which produced local lesions on G. globosa will be referred 
to as clover yellow mosaic virus (CYMV). 

CYMV and WCMV were also separated from naturally occurring mixtures 
obtained from clover growing in Alberta, British Columbia, California (sup- 
plied by H. A. Scott), and Idaho (supplied by J. M. Raeder, University of 
Idaho, Moscow). CYMV was easily separable by passage through snapdragon 
(Antirrhinum majus L.) or Chenopodium amaranticolor Coste & Reyn. Diffi- 
culty in separating WCMV was sometimes encountered owing to systemic 
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infection of cowpea by the CYMV present in the mixture. With the isolates 
studied, systemic spread of WCMV in cowpea was found to be more rapid than 
that of CYMV. WCMV could be separated by inoculation from the new leaves 
2 to 3 weeks after the original inoculation or immediately on appearance of 
systemic symptoms. 

Indications of strain variation were noticed in the course of identifying and 
separating CYMV and WCMV from a number of sources. Isolates were made 
by inoculation from single local lesions, using G. globosa for CYMV and V. faba 
for WCMV. Four CYMV and two WCMV\ isolates were selected on the basis of 
host reaction for further host range and serological study. Isolates A, B, and C 
(CYMV) and E (WCMV) were collected in the Vancouver vicinity. Isolates D 
(CYMV) and F (WCMV) were made from the Pullman material. Most of the 
isolates were obtained from white clover (Trifolium repens L.) but CYMV 
isolate C was collected from sweetclover (Melilotus sp.), WCMV isolate E from 
alsike clover (T. hybridum L.). 

Field infections by mixtures of CYMV and WCMV were found in white 
clover (wild white, common white, and Ladino), red clover (T. pratense L.), 
alsike clover, and sweet clover. White clover, red clover, and alsike clover were 
found infected with WCMV alone. Alfalfa (Medicago sativa L.), chickweed 
(Stellaria media L.), and lambsquarters (Chenopodium album L.) were found 
infected with CYMV alone. Infection by other legume viruses, particularly 
alfalfa mosaic and bean yellow mosaic, often accompanied natural CYMV 
and WCMV infections. The latter two viruses were separable by passage 
through differential hosts or by ageing in vitro. 


Host Range Studies 

In the host range studies, inoculations to test plants were made when the 
plants were at an optimum condition for infection. Inoculated plants not 
showing symptoms were checked by subsequent inoculation to a known suscept. 
Test plants which were not susceptible to infection by the virus in question 
in initial tests were reinoculated several times. All inoculations were made 
with Celite as an abrasive and inoculum macerated in 1% K:HPO, solution. 
In order to avoid manual contact with test plants the leaves were supported 
on paper towels and inoculum applied with sterile cotton tips. 

With one or two notable exceptions, the host ranges of current isolates of 
CYMV and WCMV are much the same as those described for pea mottle and 
pea wilt viruses (8). Many of the host reactions to infection by WCMV have 
already been described by Bancroft et al. (1), Bos et al. (2), Fry (5), and Quantz 
(12). Direct comparisons confirmed that the Indiana isolate described by 
Bancroft (1) is exceptional in causing a chlorotic to necrotic stripe of inoculated 
and systemically infected clover leaves, in causing necrotic local lesions and a 
systemic necrosis of cowpea, and in causing necrotic local lesions of Bountiful 
bean. Some CYMV host reactions have been given by Scott and Gold (13). 
Gold also reported the local lesion reactions of CYMV on C. amaranticolor and 
G. globosa (7). 

The more significant host reactions of the isolates dealt with in this paper 
are described in detail below. Many of these reactions vary according to the 
environmental conditions of the test plants and the strength of the inoculum 
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TABLE I 
Summarized host reactions of CYMV and WCMV isolates 
CYMV WCMV 
Test plant A B G D E F 
Leguminoseae 
Trifolium spp. S S S S s ~ 
Pisum sativum L. var. Little Marvel Ss (LL)S S S LLs LLs 
Vicia faba L. var. 
Exhibition Long Pod (LL)S S s “Us CLs Cis 
Vigna sinensis (Torner) Savi 
var. Blackeye (L) (L) s s LLS oe 
Phaseolus aureus Roxb. LA has LLG). ELS LL®) Li, 
Phaseolus vulgaris L. var. Bountiful S S S S S S 
Amaranthaceae 
Gomphrena globosa L. LL(S) LL Li LL(S) - - 
Chenopodiaceae 
Chenopodium amaranticolor 
Coste and Reyn. (Es ELS) LES Ls.'S — 
Curcurbitaceae 
Cucumis sativus L. var. 
National Pickling S i, L(s) S % L 
Scrophulariaceae 
Antirrhinum majus. L. var. Majestic (LL)S s s (LL)S — ~ 





Note: LL: local lesions, L: multiplication in inoculated leaf only, S: strong systemic symptoms, s: mild or latent 
systemic symptoms, —: no multiplication detected; symbols in parentheses: reactions particularly variable. 
used. Summarized host reactions of the CYMV and WCMV isolates are given 
in Table I. Tobacco (Nicotiana tabacum L. var. Haronova) was apparently 
completely insusceptible to both CYMV and WCMV. 


1. Host Reactions to CYMV Infection 

Clovers (Trifolium spp.). Systemic symptoms appear in the new leaves after 
5 to 10 days as irregular chlorotic flecks and streaks parallel with the lateral 
veins, and distortion (Fig. 1). Growth of infected plants is most severely 
retarded in crimson clover (7. incarnatum L.) and subterranean clover (T. 
subterraneum L.), sometimes leading to premature death. Stunting is less 
marked in red, white, and alsike clovers, although individual seedlings of these 
species may be more severely dwarfed. Field symptoms are most noticeable in 
the spring and fall, partial recovery taking place in the summer months in 
coastal British Columbia. 

Pea (Pisum sativum L. var. Little Marvel). A distinct systemic chlorotic 
mottle of the new leaves appears in 6 to 12 days, often preceded by vein chloro- 
sis and accompanied by stunting of the plants and retardation in the opening of 
the new leaves (Fig. 2). 

Broad bean (V. faba var. Exhibition Long Pod). A pronounced mottling 
and sometimes a mild necrotic fleck develop in the new leaves 5 to 10 days 
after inoculation (Fig. 3). Occasionally some isolates cause the formation of 
small necrotic local lesions. One isolate was symptomless in this host. 

Cowpea (V. sinensis var. Blackeye). The extent of CYMV multiplication 
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Fics. 1-4. Systemic symptoms of CYMV infection. Fig. 1. White clover. Fig. 2. Little 
Marvel pea, healthy on left. Fig. 3. Broad bean, healthy on left. Fig. 4. Snapdragon. 
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Fic. 5. Chenopodium amaranticolor infected with CY MV; (A) local lesions, (B) systemic 
symptoms. 

Fic. 6. CYMYV local lesions on Gomphrena globosa. 

Fic. 7. WCMV local lesions on broad bean. 

Fic. 8. Systemic WCMV symptoms on cowpea, healthy on left. 
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in this host depends partly on the virus concentration of the inoculum. Some 
isolates spread to the trifoliate leaves, while others have been found to multiply 
only in the inoculated leaves. The tendency of the localized isolates to cause 
systemic infection can be increased by passage through a series of cowpea 
plants. Symptoms due to CYMV infection are indistinct; the inoculated leaves 
show a premature chlorosis and drop and very occasionally they develop small 
local lesions. 

Cucumber (Cucumis sativus L. var. National Pickling). Many isolates infect 
this host systemically; chlorotic spots appear after 7 to 10 days and disappear 
in another 2 or 3 weeks. The multiplication of some isolates is limited mainly 
to the inoculated leaves. 

Snapdragon (A. majus var. Majestic). Under some conditions local necrotic 
ring lesions appear in 1 to 2 weeks. Systemic symptoms usually appear in 2 to 
3 weeks as a chlorotic streaking and mild distortion (Fig. 4). 

Chenopodium amaranticolor Coste & Reyn. Small chlorotic local lesions, 
often with necrotic centers, develop in 4 to 6 days. After 1 to 2 weeks a systemic 
chlorotic fleck appears (Fig. 5). Either the local or the systemic symptoms may 
be absent. 

Gomphrena globosa L. Distinct local lesions form 4 to 6 days after inoculation 
(Fig. 6). Systemic necrotic flecks may develop after several weeks when local 
lesion formation is heavy. 

Other hosts susceptible to CYMV are Crotalaria spectabilis Roth., Glycine 
max (L.) Merr., Medicago sativa L. var. Ranger, Phaseolus aureus Roxb., 
Spinacia oleracea L., and Tetragonia expansa Murr. 


2. Host Reactions to WCMV Infection 

Clovers (Trifolium spp.). A light green interveinal stripe or fleck of the new 
leaves appears 1 to 3 weeks after inoculation or on resumption of growth by 
infected plants. In red, white, and alsike clovers these symptoms may become 
indistinct in a further 2 or 3 weeks. Some isolates are latent in white and alsike 
clovers but cause a mild chlorotic mottle of the red and crimson species. 

Pea (P. sativum var. Little Marvel). Local lesions develop on the inoculated 
leaves after 3 to 5 days and the virus becomes systemic 5 to 10 days after 
inoculation. Under conditions which favor growth, viz. cool nights, warm days, 
and ample illumination, the systemic symptoms are vein clearing, a faint light 
green mottle, and sometimes a mild necrotic fleck. Under conditions not 
favorable for pea growth, such as are found in a heated greenhouse during the 
winter months, local lesion development is quickly followed by wilting of the 
inoculated leaves. In young plants systemic spread is accompanied by a 
progressive wilting, resulting in the death of the plants in 2 to 4 weeks. This 
condition was sometimes observed with uninoculated plants growing in 
unsterilized soil in winter. Older plants growing under unfavorable conditions 
did not wilt completely when inoculated. 

Broad bean (V. faba var. Exhibition Long Pod). Necrotic ring or solidly 
necrotic local lesions may form 4 to 8 days after inoculation (Fig. 7). This is an 
extremely variable reaction, seemingly dependent on the environmental con- 
ditions in which the test plant is growing, as more consistent local lesion forma- 
tion was found during the winter months. Systemic symptoms appear after 7 
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to 14 days as a chlorotic blotch which may develop into a generalized mottle 
with accompanying necrosis. 

Cowpea (V. sinensis var. Blackeye). Local lesions usually appear as chlorotic 
spots after 6 to 9 days. These may turn necrotic or be surrounded by broken 
necrotic rings. Necrosis frequently spreads along the veins of the inoculated 
leaves. Systemic infection reaches the trifoliate leaves in 10 days to 3 weeks, 
generally causing vein banding and a light. green fleck at the vein endings 
(Fig. 8). 

Cucumber (C. sativus var. National Pickling). Multiplication was con- 
sistently found in the cotyledons of this host, sometimes with the formation of 
indistinct white local lesions. No systemic spread was detected, but this is a 
possibility in view of the spread of the Dutch isolate (1). 

Other species infected by WCMV are Crotalaria spectabilis, Glycine max, 
Medicago sativa, and Phaseolus aureus. 


3. Host Reactions to Joint Infection by CYVMV and WCMV 

Limited tests with broad bean, pea, white clover, and bean have indicated 
that symptoms of infection by both viruses together are no more than additive. 
Peas inoculated with both viruses may wilt a little faster in winter than those 
inoculated with WCMV alone. White clover plants infected by both viruses 
are usually indistinguishable from plants inoculated with CY MV, although the 
more severe Indiana isolate of WCMV does accentuate the symptoms caused 
by CYMV alone. 


Transmission Studies 

Although transmission by dodder (C. campestris) was successful with CYMV 
isolates A and D, many of the attempts to transmit the virus by this method 
failed. All transmission attempts with WCMV isolates were unsuccessful. 
Bancroft et al. (1) and Bos e¢ al. (2) found that occasional transmission occurred 
with their WCMV isolates. 

In aphid transmission tests, 10 to 20 aphids were allowed to feed on an 
infected clover plant for at least a week and then transferred to a healthy 
clover plant where they were left for a further week. In five such tests the pea 
aphid (Acrythosiphon pisum) and the clover aphid (Anuraphis bakeri) did not 
transmit CYMV or WCMV. 


Serological Studies 

Virus for antiserum preparation was obtained from Little Marvel peas 
harvested 10 to 15 days after inoculation. The pea tissue was frozen for at 
least 24 hours, ground in a meat grinder, and squeezed through cheesecloth, 
and the sap clarified by a low-speed centrifugation of 10,000 g for 20 minutes. 
Virus in the clarified sap was then sedimented for 90 minutes at 75,000 g. 
The pellet was resuspended overnight in distilled water or 0.1 M potassium 
phosphate buffer at pH 7.0 and clarified by a second low-speed centrifugation. 
This differential centrifugation cycle was repeated until a colorless preparation 
was obtained. 

Rabbits were injected intravenously with 12 ml of this preparation at a 
concentration of 1 to 2 mg/ml over a period of approximately two weeks and 
bled 1 to 2 weeks after the last injection. Precipitin tests were made using a 
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series of antiserum dilutions (1:10 to 1:5120) against one virus concentration. 
The concentrations of the virus preparations were standardized by the Folin- 
Ciocalteau reaction (9). No absolute determinations were made with the virus 
and concentrations are expressed in values equivalent to bovine serum albumin 
concentrations. A suitable virus concentration (0.1 mg/ml) for the antigen was 
determined in a preliminary test in which a series of antigen concentrations 
was tested against the range of antiserum dilutions. Higher virus concentra- 
tions were avoided because they tended to precipitate on incubation. 

Results of the precipitin tests were recorded after 2 hours of incubation at 
37° C in a constant-temperature water bath. No non-specific precipitates were 
observed in any of the precipitin tests. In the cross-absorption reactions a 1 to 3 
antiserum/sap mixture was incubated for 3 hours at 37°C and then kept 
overnight at 4° C. Following a low-speed centrifugation the supernatant was 
decanted, made up to an antiserum concentration of 1:10, and tested against 
clarified sap or virus solution of suitable concentration. 

Precipitin tests between the four CYMV and the two WCMV isolates and 
their antisera showed that the two viruses are not related serologically (Table 
II). 

TABLE II 
Precipitin reactions of CYMV isolates A, B, C, and D and WCMV isolates E and F 














Antisera 
Antigens* A B & D E F 
A 320+ 640 160 320 —_ —_ 
B 320 1280 160 320 -- ~ 
» 80 160 320 40 -— —_ 
D 2560 1280 80 1280 — —_ 
E —- - a = 160 320 
F -- —- - ~- 320 1280 





*Partially purified virus at a concentration equivalent to 0.1 mg/ml bovine serum albumin. 
tReciprocal of antiserum titer at this antigen concentration. 


Precipitates were always of a flocculent gelatinous type that formed strongly 
at antiserum dilutions almost as far as the end point. In preliminary tests using 
clarified sap, results were similar to those obtained with the partially purified 
virus. 

Tests at different antigen concentrations of a CYMV isolate with WCMV 
antiserum, and reciprocally with WCMV antigen and CYMV antiserum, 
showed that reactions were negative in virus/antiserum concentrations not 
included in the normal tests. 

Heterologous reactions of the CYMV isolates shown in Table II indicate a 
serological difference between isolate C and the other three isolates. 

Three isolates of each virus were selected in order to determine whether the 
differences in symptomatology represented serologically different strains. In 
cross-absorption reactions with CYMV isolates A, B, and C (Table III), 
isolates A and B, although serologically distinct, are apparently more closely 
related to each other than to isolate C. These results therefore corroborate 
observations on the host reactions and direct precipitin reactions of these 
isolates. 
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TABLE III 
Cross-absorption of CYMV isolates 














Antigen* 

















Antiserum Absorbant A B 3 

A _ 640T 320 40 

A B 640 _ _ 

A s 640 160 — 

B —_ 640 2560 320 

B A _— 160 20 

B c 640 1280 _ 

_ 160 320 640 

: A _ 160 640 

CG B — — 160 

*Partially purified virus at approximately 0.2 mg/ml bovine serum albumin equivalent. on 
TReciprocal of antiserum titer at this antigen concentration. 
TABLE IV 
Cross-absorption of WCMV isolates 
Antigen* 
Antiserum Absorbant E F Indiana 

E — 3204 320 320 

E F ~- -- -— 

E Indiana — — _— 
F —_ 320 320 160 

F E — — —_ 

F Indiana 40 40 -- 
Indiana oo 160 160 160 

Indiana E — _— —_ 

Indiana F — _ — 


*Clarified sap at a dilution of 1/10. 
tReciprocal of antigen titer at this antigen concentration. 





A similar cross-absorption test was made using WCMV isolates E and F and 
the Indiana isolate. These isolates were almost indistinguishable by this test, 
absorption removing all of the activity of the antisera with the exception of 
antiserum F absorbed by the Indiana isolate (Table IV). 

It is possible that antisera with a higher titer, absorbed with a more critical 
amount of virus, might give better evidence of serological distinction between 
the WCMV isolates. Cross-absorption tests between the Dutch and Indiana 
isolates were also negative, however (3). 

Further to the studies on the geographical occurrence of WCMV (3), 
direct comparisons of serological activity were made between locally prepared 
material and material obtained from other workers (Table V). Antisera and 
virus were kindly supplied by J. B. Bancroft, Layfayette, Indiana (1); L. Bos 
and D. Z. Maat, Wageningen, The Netherlands (2); P. R. Fry, Auckland, 
New Zealand (5); A. H. Gold, Berkeley, California; and H. A. Scott, Beltsville, 
Maryland (13). A. J. Gibbs, Harpenden, England, supplied antiserum alone. 
In some cases tests had already been made by these workers. From the table it 
is evident that WCMV occurs on three continents, while CYMV has only been 
collected from western North America. 
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TABLE V 
Precipitin reactions with antisera and virus from various sources 





Antiserum and source 











CYMV California 
CYMV Vancouver -- 


| 


Antigen WCMV 
and New WCMV WCMV WCMV WCMV CYMV 
source Zealand Holland Indiana Vancouver England Vancouver 

WCMV New Zealand +(5)* + +(1) + + - 
WCMV Holland +(3) +(3) +(3) +(3) + - 
WCMV Indiana +(1) +(3) +(3) + + - 
WCMV California + + + a + - 
WCMV Vancouver + + + + - 

- - - - + 

~ _ = - + 





*Positive serological reaction is denoted by +, negative reactions by — 
All tests in this laboratory were made using a series of antiserum dilutions and clarified sap at a dilution of 1:10. 
Numbers in parentheses denote literature citations of tests made elsewhere. 


Properties of the Viruses 

The infectivity of the viruses in a series of dilutions was determined by 
inoculation of test plants which produce local lesions. Crude sap was diluted 
with distilled water using a separate pipette for each dilution. Dilution end 
points of 1 X 10~ were most frequently obtained with CYMV, 1 X 10 with 
WCMV. Variation in the result was limited to one 10-fold dilution on either 
side of these figures. 

The effect of heat on the infectivity of the two viruses was determined by 
immersing test tubes containing 1 ml of crude sap in a water bath for 10 
minutes. The timing of the immersion period was started when the temperature 
of a duplicate tube containing water reached the temperature of the bath. 
Infectivities were determined in the same way as with the dilution studies. 
CYMV was infective after it was heated to 58°C, but not after heating to 
60° C. WCMV was infective after it was heated to 56° C but not 58°C. The 
thermal inactivation point was sharp and consistent with CYMV isolates, 
while WCMV results were less clearly defined, occasional infections being 
noted after treatments of up to 62° C. 

The resistance of the viruses to ageing in vitro was determined by inoculat- 
ing test plants with crude sap which had been stored at room temperature. The 
infectivity of CYMV isolates dropped noticeably after 6 to 12 months of 
storage. One isolate which had been stored for 22 months was still infective. 
WCMV isolates sometimes retained their infectivity for periods of up to 2 
months, although shorter periods were frequently found. 


Discussion 

Both CYMV and WCMV may infect hosts which were reported by Johnson 
(8) as differential for one or the other of the two viruses. Isolates of the viruses 
vary in infectivity for the differential hosts to such an extent that the hosts 
can only be used with caution when separation of the viruses is being attempted. 
WCMV isolates infect several non-leguminous hosts, including cucumber, and 
may be transmitted by dodder. Some CYMV isolates frequently infect cowpea 
systernically and all of the isolates tested cause local lesion formation on mung 
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bean. Other CYMV isolates are not readily dodder-transmissible and do not 
usually spread to the new leaves of cucumber. 

It is evident that in many parts of the world mosaic of white clover is not 
caused by both CYMV and WCMV. WCMV occurs in England, Germany, 
Indiana, New Zealand, and The Netherlands without accompanying infection 
by CYMV. At this time occurrence of CY MV has been verified only in western 
Canada and the western United States. 

In spite of the fact that pea mottle and pea wilt viruses are no longer 
available, the original descriptions were sufficiently detailed that there can be 
little doubt of their relationship to the viruses ‘described in this paper. 

Zaumeyer and Wade’s (15) and Pierce’s (11) descriptions of viruses from 
clover give shorter times for the loss of infectivity in vitro compared with 
Johnson’s or the present reports. Comparison of host reactions indicates the 
possibility that Pierce’s broad bean local lesion virus was WCMV and his 
white clover mosaic virus a mixture of CYMV and WCMV. Similarly 
Zaumeyer and Wade may have had both CYMV and WCMV in their studies 
on legume viruses. It seems unlikely that Matsulevich isolated both CYMV 
and WCMV in his Ukrainian material, since one of the viruses was aphid 
transmissible. 

Although natural infection of peas by WCMV has been reported (2), it is 
clear that WCMV and CYMV are not pea viruses, but are primarily to be 
found in perennial clover species. Recent virus isolates from Germany, The 
Netherlands, and the United States (Indiana) have been called white clover 
mosaic virus as the investigators of these isolates could find no evidence for 
the presence of a second virus. Fry (5) in New Zealand considered clover mosaic 
virus, rather than white clover mosaic virus, a more appropriate name for his 
isolate, since other clover species showed heavy natural infection. In consider- 
ing descriptions of isolates still available, the German and Dutch characteriza- 
tions were published prior to those from New Zealand, giving preference to the 
name white clover mosaic virus. Clover yellow mosaic virus would seem to be a 
suitable name for the virus resembling pea mottle. 
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ON THE NATURAL HYBRID POPULATION 
OF HEMEROCALLIS! 


SHOICHI KAWANO 


Abstract 


A large natural hybrid population between Hemerocallis middendorffit and 
Hemerocallis yezoensis occurs at Otanoshike and its neighborhood in the eastern 
part of Hokkaido, Japan. This report is the result of a comparative study on 
external morphology and cytological analysis of the hybrid swarm at Otanoshike 
and of the parental species from various localities in Hokkaido. The hybrid 
population at Otanoshike represents morphologically an “‘introgressive status”, 
and this fact is well understood in connection with the ecological condition of 
the habitat. Among the hybrid swarm intermediate types are dominant. Cytolog- 
ically, all the material examined was diploid, i.e., it had 2n =22. 


Introduction 

In Hokkaido, Japan, the genus Hemerocallis (Liliaceae) is represented by 
four species: H. middendorffii Trautv. et Meyer, H. yezoensis Hara, H. 
dumortiert Morren., and H. fulva L. var. kwanso Regel. Generally, these 
four species can be readily distinguished from one another by external morphol- 
ogy, and there are scarcely any natural populations which give the indication 
of hybrid origin. The four species usually occupy different habitats and are 
generally well isolated from each other ecologically. Triploid plants of H. 
fulva var. kwanso* occur in nature (Takenaka 1929, 1952; Dark 1932), but 
have not been observed in Hokkaido. Artificial hybrids have been made 
between different Hemerocallis species without any difficulty (Takenaka 
1952). Thus, it seems possible that hybrids could appear, even under natural 
conditions, when different species come into contact with each other and eco- 
logical barriers existing between them are eliminated. 

Nakao (1956) has already given a detailed report with respect to the hybrid 
population between H. citrina Baroni.| and H. fulva var. kwanso Regel 
growing in the vicinity of Takayama, Gihu, Honshu, in which he mentioned 
that the population apparently showed so-called introgression between the 
two species mentioned. 

In the present paper, an example indicating natural hybridization between 
two other species of Hemerocallis is reported. 

Large hybrid swarms of Hemerocallis occur in the neighborhood of Otano- 
shike facing the Pacific Ocean near Kushiro City in the eastern part of 
Hokkaido, as shown by the arrow in Fig. 1. There are a considerable number of 
various forms which are assumed, from the morphological as well as ecological 
standpoint, to have originated by hybridization between H. yezoensis and 
H. middendorffii, as already pointed out by Hara (1938). 

The present author has conducted a detailed study on two of these hybrid 

1Manuscript received November 5, 1960. 

Contribution from Institut Botanique de I’ Université de Montréal, Montreal, Que. 


* = H. disticha var. kwanso (Regel) Nakai. 
tThis plant is H. thunbergit Baker. 
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swarms. Colonies occur on both sides of the Akan River, but this paper 
concerns only the population on the east side of the river (Fig. 2). 


Materials and Methods 
Two colonies of hybrid plants were chosen for the analysis from the Otano- 
shike population. In these it was difficult to recognize and determine with 
certainty the clones consisting of each pure parental species. Therefore, in 
addition to these, more than 30 sample plants of H. yezoensis and H. mid- 
dendorffii were taken at random from several natural populations at other 
localities in Hokkaido (Fig. 1; Table II), and used for comparison and as a 
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Fic. 1. Map of Hokkaido representing the localities from which natural populations 
of Hemerocallis yezoensis, H. middendorffit, and the hybrid between them were chosen for 
the investigation (for details, see Table II). 


TABLE I 
Variation range and index value given to each taxon (for details, see text) 








Species name 











H. middendor ffi 
Character H. middendor ffi x H. yezoensis H. yezoensis 
Inflorescence length in mm 0-20 21-40 41- 
0 1 2 
Inflorescence type* Non-branched Intermediate Branched 
0 1 2 
Length of flower tube including 
the ovary, in mm 10-16 17-18 19- 
0 1 Pr 
External perianth width, in mm 19-22 16-18 -15 
0 1 
Flower color Orange Orange- Yellow Lemon-yellow 
yellow 
0 1 2 3 
Total 0 § 6 11 





*See Fig. 4. 
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standard of the parental types. Thus, two populations of H. yezoensis from 
Nishikioka and Kitahama were examined, and further, two populations of 
H. middendorffii from Higashi-Muroran and Sarobetsu. Some dried material 
of H. yezoensis preserved in the Herbarium of the Botanical Institute, Faculty 
of Agriculture, Hokkaido University, was also studied. The latter samples 
were too small to be adequately analyzed, but they were very helpful for the 
understanding of local variation within this species. 

The present investigation consists of a4 comparative study of various 
characters of the external morphology and, in addition, some fragmental 
notes about the cytological analysis of the hybrids and their parents. 

Examinations of the external characters were made on plants taken directly 
from their native habitats. The characters studied were the height of the 
scapes, the shape and length of the inflorescences, the color of the flowers, 
the length and width of the external and internal perianths, the length of the 
short tubes enclosing the ovary, the length of the bracts, the width of the 
leaves, the size and shape of the mature capsules, and the size and fertility 
of the seeds (Table II). After their examination, the ‘‘hybrid index’’ method 
advocated by Anderson (1949) was adopted to make possible the under- 
standing of the composition of each population. Such traits as the shape and 
length of inflorescences and the length of flower tubes enclosing the ovary 
were selected for the purpose of scoring. In general, the variation of such 
characters was continuous; accordingly it was somewhat difficult to score, 
although the measurements themselves were easy to obtain. To decide what 
ought to be considered the limits of both species and into how many cate- 
gories the intermediates should be divided was not easy. Therefore, the line 
of demarcation between the parental species was decided on the basis of the 
mean value and standard deviation obtained from each of the above-mentioned 
characters. Any intermediate value between these figures, obtained when 
studying a hybrid swarm, was assumed to indicate a hybrid status. Each 
character was assigned an arbitrary index value 0, 1, or 2, to designate, 
respectively, the total range of variation of the character in each category, 
i.e., both the parents and the hybrids. The total index value of a plant was 
obtained by adding up the index values of all its characters. Each index 
value and its variation range is found in Table I, which shows 0 as the typical 
total index value for H. middendorffii, 11 as typical for H. yezoensis, and 
5-6 for an intermediate hybrid. 

The comparison of both species used as standards was based mainly on the 
populations of H. yezoensis from Kitahama and of H. middendorffii from 
Higashi-Muroran. There existed a rather pronounced interpopulational 
differentiation with respect to some characters between eastern and southern 
population groups of H. yezoensis.* 

Cytological studies were made on root tips from seeds germinated in pots. 
The method of Tjio and Levan (1950) was used for preparation of the slides. 

Observations on external morphology and collections of seeds were carried 
out from 1958 to 1959 in the native habitats of these plants by the writer 
himself, who then was at the Botanical Institute, the Faculty of Agriculture, 


*This problem will be discussed in a future paper. 
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Hokkaido University, Sapporo, Japan. The cytological study was made at 
the Institut Botanique, Université de Montréal, Montreal, Canada, during 
1960. 


Observations 
I. COMPARISON OF THE POPULATIONS 

(1) The Kitahama Population 

Of the 68 clones of H. yezoensis from Kitahama, 28 plants, each from a 
different clone, had total index values of 11, and 24 had total values of 10; 
these 52 clones can be regarded as the typical aspect of this population. The 
other 16 clones of this colony scored 8 and 9 points but are probably still 
within the range of variation of the pure species. The inflorescences of the 
Kitahama plants were especially variable as compared with the other charac- 
ters. All the plants examined had the typical lemon-yellow flowers (Fig. 3, D). 


(2) The Higashi-Muroran Population 

Twenty-three of the 54 clones scored the minimum total index value of 0. 
The other 25 plants failed to score the absolute minimum number since the 
length of flower tubes enclosing the ovary and the width of the external 
perianth had somewhat smaller or larger measures than those designated as 
typical of H. middendorffii by this arbitrary method of scoring. With regard 
to the characters chosen, the plants with such minor deviations from the 
ideal total index value could still be accounted for as a result of intraspecific 
variation within the population (Fig. 3, C). 


(3) The Otanoshike Population 

(a) Colony A 

Colony A, a hybrid swarm containing a large number of clones, was located 
in a region near Otanoshike where it was rather dry and where the environ- 
ment resembles that of H. yezoensis in Kitahama. 

Of 49 plants, each from a different clone, 6 had total index values of 10 
and 11, and were indistinguishable from a typical plant of H. yezoensis in 
respect to the characters chosen. Seventeen plants scored 8 and 9 points; 
of these, four had orange-colored flowers but 12 were intermediate in color. 
Only four plants had total index values as low as 1, 2, and 3 respectively. 

As concerns the type of inflorescence, 27 of 49 plants were approximately 
within the range of variation of H. yezoensis by this way of scoring, and 12 
were within the range of H. middendorffii. Likewise, regarding the width of 
the external perianth, types close to H. yezoensis predominated, e.g., 25 
plants revealed the type of H. yezoensis but only 4 showed the range of var- 
iation of H. middendorffii. Furthermore, as to the length of the short flower 
tubes, about half the number of plants, i.e., 23, scored the index value given 
to the type of H. middendorffii, and 22 displayed the type of H. yezoensts. 
Of the 49 plants of this colony, 18 had typical lemon-yellow flowers, and 
8 were orange-colored; 23 were intermediate. 

Figure 3, A gives a graphic representation of the composition of the plants 
in this colony. 


(b) Colony B 
Colony B, the second hybrid swarm at Otanoshike, existed in areas which 
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Fic. 2. Map showing the habitat of hybrid swarms between Hemerocallis yezoensis and H. middendorffii near 


Otanoshike, Hokkaido (for details, see text). 
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Otanoshike, Hokkaido (for details, see text). 
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were rather wet and often had a high water content in the soil. It was separated 
from colony A by the railway (Fig. 2). 

Five of the 41 clones scored total index values as low as 1 and 2 points, 
but all the rest scored intermediate values from 3 to 7. None had total index 
values typical of, or close to, H. yezoensis. Thirty-six plants were very close 
to H. middendorffii in the type of inflorescence. Among them, 15 had lemon- 
yellow flowers and only 4 had the typical orange-colored flowers of H. mid- 
dendorffii. An analysis was also made of the length of the flower tubes; 25 
plants represented the range of H. middendorffii but 11 were within that of 
H. yezoensis. 

The general composition of this colony is shown graphically in Fig. 3, B. 


A 


- 
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Fic. 3. Frequency distributions of total index values of populations from (A) Otano- 
shike colony A, (B) colony B, (C) Higashi-Muroran, and (D) Kitahama. 


II. COMPARISON OF CHARACTERS 

(1) Scape Height 
The measurements of the relative variation ranges in scape height of H. 
yezoensis (Kitahama) and H. middendorffii (Higashi-Muroran) gave somewhat 
surprising results. Generally the scape height of H. middendorffii has been 
regarded as equal to that of H. yezoensis (Hara 1938), but according to the 
present analysis the range of the variation of the former species extends from 
60-120 cm and that of the latter species from 40-90 cm in height. However, 
both colonies of hybrid plants have lower scapes than most of the parents 
and show a range of variation from 20 to 80 cm in scape height; there is no 
difference between the two colonies in this respect (Table II). 
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(2) Inflorescence 

The type and length of the inflorescences are characteristic features in the 
genus Hemerocallis. Generally, H. middendorffii has short and non-branched 
inflorescences, 0.3—2.0 cm long, whereas those of H. yezoensis are longer and 
well branched, 4.0—-13.0 cm long. Plants from Kitahama, in particular, showed 
a very wide fluctuation in length of inflorescence, ranging from 0.3 to 18.0 
cm. 

The variation range and mean value of the length of inflorescence of plants 
from the colonies are as follows: colony A—range 0.5-9.0 cm, mean value 
4.18 + 0.11; colony B—range 0.3-4.0 cm, mean value 1.62 + 0.08. The 
values obtained seem to indicate fairly well the situation in both colonies 
as regards this trait (Table II). 


(3) Flower 

The difference in the flower color of both parent plants is remarkable, H. 
middendorffii having a distinctly orange, and H. yezoensis a clearly lemon- 
yellow flower. However, according to the observation, the color of flowers 
in hybrid plants displayed a continuous variation from orange to lemon- 
yellow. As already indicated (Table I), two categories of color for the inter- 
mediate types were provided to distinguish them. The hereditary mode 
governing the flower color is vaguely understood at present, but it has been 
noticed as a fact that plants with yellowish flowers were rather predominant 
throughout both the hybrid colonies. It seems that no strong correlation exists 
between the intermediate flower colors and some other characters. 

The most conspicuous distinctions among the other flower organs of the 
parent species were observed in the width of the external perianth and in the 
length of the short flower tubes enclosing the ovary. The results obtained 
from studying both hybrid colonies indicate well the composition of plants 
of each colony (Table II), and also the type of inflorescence. The range of the 
variation and the mean value of the width of external perianth of plants from 
colony A were close to those of H. yezoensis, but plants from colony B showed 
values closely approaching those of H. middendorffii. 

The other characters of the flower showed almost the same range of variation 
in all the plants examined (Table II), but no conspicuous distinctions were 
detected. 

Among the plants of colony A, some exceptional clones were encountered 
which were of unusual appearance. For instance, one clone was very dwarfish 
and had extremely small external and internal perianths attaining only 37-43 
mm in length, which is quite outside the variation ranges observed in both 
parental species (Fig. 4, D). Notwithstanding, the other parts of the flower 
organs showed the ordinary variation ranges found in the parent species, 
i.e., the flower tubes enclosing the ovary were 21-22 mm long, which could 
be regarded as the normal size of this trait in H. yezoensis. 

(4) Leaf 

The variation of the leaf width in each of the parents was quite distinct, 

plants of H. yezoensis from Kitahama having leaves 4-24 mm in width, 


whereas plants of H. middendorffii from Higashi-Muroran had leaves 16-44 
mm wide. 
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Fic. 4. (A) Habitat of colony A, Otanoshike. (B) Flowers of H. yezoensis type found 
in hybrids. (C) Inflorescences of H. yezoensis type found in hybrids. (D) Exceptional 
dwarf clone with small flowers. (E and F) Clones of H. middendorffit type in colony A. 
(G) Seeds of H. middendorffii (Hi and Sa) and H. yezoensis (Ki and Ni). (H) Capsules 
of H. yezoensis from Kitahama. (I) Capsules of H. middendorffit from Higashi-Muroran. 
(J) Seeds of hybrids from colony A, Otanoshike. (K, L, and M) Capsules of hybrids 
from colony A, Otanoshike. 
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Leaves of plants from both the hybrid colonies in Otanoshike revealed 
variation ranges closely approaching those of H. yezoensis (Table II). 


(5) Capsule and Seed 

The shape of mature capsules, a very stable and reliable character, differs 
greatly between H. yezoensis and H. middendorffii. The capsule of the former 
species is cone-shaped, that of the latter is campanulate (Fig. 4, H and I). 

From the Otanoshike hybrid population, the capsules of plants from colony 
A only were observed. They were very variable in shape and size, even within 
the same clones, among which a series of the intermediate forms from cam- 
panulate to cone-shaped was seen (Fig. 4, K, L, and M). The three-valved 
capsules of Hemerocallis are three-loculicidal, with black spherical seeds 
inside each locule. H. middendorffii had 12 to 14 axile placental positions for 
seeds in each locule (from Higashi-Muroran), whereas H. yezoensis had 12 to 
22, rarely 28 positions (from Nishikioka). However, usually a lesser number 
of seeds than positions were counted; for example, one of the capsules of the 
Nishikioka plants (H. yezoensis) had only four mature seeds, notwithstanding 
the fact that each locule had 12 positions. Thus, the fertility of the ovules 
may be rather low even in the normal parental clones. The mean value of 
the seed number per capsule in the Nishikioka population of H. yezoensis 
was 24.94 + 1.71, and that from the Sarobetsu population of H. midden- 
dorffit was 25.85 + 1.76 (Table II). 

The hybrid plants had a very irregular number of locules, and sometimes 
only one locule was found. The fertility of the ovules was apparently even 
less than that of both parents, though it was not calculated. Generally, the 
size of capsules was a little larger in H. yezoensis than in H. middendorffii, 
but the Sarobetsu population had exceptionally large capsules (Table II). 

The seeds of H. middendorffii were approximately 4.5 to 6.0 mm in length, 
whereas those of H. yezoensis were smaller, being 4.0 to 5.0 mm long. Those 
of hybrid plants were mostly of the same size as H. yezoensis (Fig. 4, J). 
Seeds collected from hybrids germinated rather well. 


III. CyTOLOGICAL OBSERVATIONS 


A complement of the somatic chromosomes of each taxon is shown in Fig. 
5. The 2n = 22 chromosomes were classified into seven types, which have been 
described by Takenaka, who has made a detailed cytological study on the 
genus Hemerocallis in Japan and neighboring areas (Takenaka 1952). 

The morphology of the 11 pairs is described as follows. 

Chromosome L, the longest of the complement, has a constriction situated 
in a submedian position. 

Chromosome M has a constriction situated close to the center. 

Chromosome j, a little shorter than Z, has a constriction located sub- 
medially. 

Chromosome 7, of about median length, has a constriction situated in a 
subterminal position. 

Chromosome m, one of the shortest, has a constriction close to the center. 

Chromosome 7, of almost the same length as j, carries a satellite. It has 
no visible constriction of the main body of the chromosome, but may have 





676 CANADIAN JOURNAL OF BOTANY. VOL. 39, 1961 


one situated in an extreme subterminal position, making the satellite practic- 
ally the only visible part of the second arm. 
Chromosome h is similar to 7, but has no visible constriction. It may have 


an extreme subterminal centromere with an extraordinarily small or almost 
invisible second arm. 
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Fic. 5. Complement of somatic chromosomes of each taxon. (A) H. middendorffii from 
Higashi-Muroran. (B) H. middendorffii from Sarobetsu. (C and D) Hybrids from colony 
A, Otanoshike. (E) H. yezoensis from Nishikioka. (F) H. yezoensis from Kitahama. 

(a) Karyotypes in H. yezoensis 
Two different kinds of karyotypes were detected in H. yezoensis. A plant 
from Nishikioka had the karyotype 22 (2m) = 4L + 2m + 47 + 81 + 4h, 
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while one from Kitahama had 22 (2m) = 4L + 2m + 67 + 61 + 2T + 2h 
(Table III, Fig. 5, E and F). 


TABLE III 


Measurements of somatic chromosomes of Hemerocallis yezoensis, H. middendor ffi, 


and their hybrid 























H. middendor fii 
Higashi-Muroran (A) Sarobetsu (B) 

Length in uw Index Length in uw Index 
1. 2.3+4.0=6.3 0.366) 1. 2.0+3.2=5.2 0.385) 
2. 2.54+3.3=5.8 0.431 L 2. 2.14+3.0=%5.1 $ aii? L 
3. 2.34+-3.3=5.6 0.410 3. 2.1+3.0=5.1 0.412 
4. 2.2+3.2=5.4 0.408 4. 1.94+3.0=4.9 0.398) 
5. 2.0+2.5=4.5 0.456 5. 1.74+2.8=4.5 0.378 
6. 1.7+2.3=4.0 0.425 6. 1.54+2.7=4.2 0.367 
7. 1.74+2.5=4.2 0.406| . 7. 1.84+2.2=4.0 0.450| . 
8. 1.54-3.0=4.5 0.334{ J 8. 1.74+2.2=3.9 0.436 J 
9. 1.54+2.5=4.0 0.376 9. 1.54+2.0=3.5 0.430 
10. 1.54+2.3=3.8 0.396 10. 1.44+2.3=3.7 0.378 
11. 1.34+3.0=4.3 0.310 11. 1.24+2.5=3.7 0.325 
12. 1.24+3.0=4.2 0.286 12. 1.14+2.1=3.2 0.344 
13. 1.2+3.0=4.2 0.286| . 13. 1.04+2.1=3.1 0.323| . 
14. 1.34+2.5=3.8 0.343/ * 14. 0.94+2.0=2.9 0.310/ * 
15. 1.24+2.1=3.3 0.364 15. 0.84+1.9=2.7 0.296 
16. 1.14+1.9=3.0 0.366 16. 1.0+1.5=2.8 0.358) 
17. 1.34+1.4=2.7 0.482 17. 1.64+1.7=3.2 0.500 
18. 1.14+1.2=2.3 0.479; ™ 18. 1.34+1.4=2.7 0.481f ™ 
19. 0.74+2.8=3.5 0.200 T 19. 0.64+2.8=3.4 0.176 T 
20. 0.64+2.4=3.0 0.200/ 20. 0.54+2.3=2.8 0.178 
21. 0+3.0=3.0 — )\ h 21. 0+2.6=2.6 —_ } h 
22. 0+2.8=2.8 —f 22. 0+2.5=2.5 o= 








H. yezoensis X H. middendorffii 





Otanoshike-A (C) 


Otanoshike-A (D) 











Length in uw Index Length in uw Index 
1. 2.44+4.3=6.7 0.358 1. 1.8+3.2=5.0 0.360 
2. 2.0+4.3=6.3 0.318| 2. 1.94+2.8=4.7 0.405| > 
3. 2.14+3.5=5.6 0.378 3. 1.94+2.7=4.6 0.414 
4. 2.0+3.6=5.6 0.367 4. 1.742.7=4.4 0.387 
5. 1.7+3.0=4.7 0.362 5. 1.5+2.2=3.7 0.406 
6. 1.8+2.5=4.3 0.420 6. 1.442.1=3.5 0.400| . 
7. 1.84+2.4=4.2 0.430| . 7. 1.44+2.0=3.4 0.413{ J 
8. 1.7+2.4=4.1 0.415( 7 8. 1.3+2.0=3.3 0.395 
9. 1.5+2.5=4.0 0.376 9. 1.0+2.1=3.1 0.322 
10. 1.6+2.1=3.7 0.432 10. 1.0+1.9=2.9 0.345 
. 1.343.0=4.3 0.310 11. 0.94+2.3=3.2 0.281 
1.44+2.8=4.2 0.334 12. 0.94+2.7=2.9 0.310/ * 
1.44+2.8=4.2 0.334 13. 0.8+1.9=2.7 0.296 
1.4+2.6=4.0 0.350} 7 14. 0.94+1.3=2.2 0.409 
1.14+2.6=3.7 0.298 15. 0.94+1.0=1.9 0.472 
1.24+2.4=3.6 0.334 16. 0.94+0.9=1.8 0.500 
1.24+2.2=3.4 0.354 17. 0.54+2.4=2.9 0.208) 7 
1.34+1.8=3.1 0.420 18. 0.6+2.3=2.9 0.206 
1.441.7=3.1 0.451/ ™ 19. 0+4+2.5=2.5 — 
0.44+2.5=2.9 0.160\ 7 20. 0+4+2.3=2.3 —\, 
0.34+2.4=2.7 0.125 21. 0+4+2.3=2.3 _ 
0+2.8=2.8 — fh 22. O+2.2=2.2 — 
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TABLE II I—Concluded 











H. yezoensis 














Nishikioka (E) Kitahama (F) 

Length in w Index Length in wu Index 
1. 1.94+3.0=4.9 0.384) 1. 2.0+3.0=5.0 0.400 
2. 1.94+2.8=4.7 0.405| > 2. 1.94+3.5=4.9 0.388| > 
3. 2.04+3.2=4.2 0.477 3. 1.9+3.0=4.9 0.388 ( 
4. 1.8+2.8=4.6 0.391 4. 1.8+3.0=4.8 0.376 
5. 1.5+1.9=3.4 0.441 5. 1.5+2.4=3.9 0.385 
6. 1.44+2.0=3.4 0.412| . 6. 1.4+2.3=3.7 0.380 
7. 1.44+2.0=3.4 0.412/ 7 7. 1.44+2.2=3.6 0.390| . 
8. 1.34+2.0=3.3 0.398 8. 1.44+2.2=3.6 0.390 J 
9. 1.34+3.0=4.3 0.303 9. 1.3+2.1=3.4 0.382 
10. 1.04+2.9=3.9 0.257 10. 1.3+2.0=3.3 0.394 
11. 1.0+2.8=3.8 0.264 11. 1.24+2.6=3.8 0.316) 
12. 0.94+2.5=3.4 0.264 12. 1.04+2.5=3.5 0.286 
13. 0.94+2.3=3.2 0.281 13. 0.94+2.3=3.2 0.281| 
14. 1.04+2.1=3.1 0.323 14. 0.84+2.4=3.2 0.250/ 
15. 1.0+1.8=2.8 0.359 15. 0.94+2.3=3.2 0.281 
16. 1.041.7=2.7 0.372 16. 0.8+2.3=3.1 0.258 
17. 1.0+1.1=2.1 0.477 17. 1.2+1.2=2.4 0.500) 
18. 1.0+1.0=2.0 0: 500/ - 18. 1.141.2=2.3 0.480/ 
19. 0.24+2.4=2.6 0.077 19. 0.6+2.5=3.1 0.194\ 7 
20. 0.24+2.2=2.4 — h 20. 0.5+2.4=2.9 0.172} 
21. O+2.2=2.2 21. 0+3.0=3.0 —\, 
22. 0+2.0=2.0 — | 22. 0+2.8=2.8 —f 





Takenaka (1952) already catia on the karyotype of a plant from Hok- 
kaido named Hemerocallis citrina var. B, but which could be referable to H. 
yezoensis. The karyotype which he determined was of the same type as that 
of our Nishikioka plant, but in his report the exact geographical origin of the 
sample plant was not given. 

It is noteworthy that heterogeneity was found to exist cytologically as 
well as morphologically between plants belonging to different population 
groups of H. yezoensis (Table II, Fig. 5). 

(b) H. middendor fii 

Plants from three different localities were observed and two types were 
detected. Plants from Higashi-Muroran and from Sarobetsu had the karyo- 
type 22 (2m) = 4L + 2m + 6j + 61 + 2T + 2h, whereas a plant from Oshoro 
has 22 (2n) = 4L + 2m + 67 + 87 + 2h (Table III, Fig. 5, A and B). 

The karyotype of H. middendorffii was given as 22 (2m) = 4L + 2M + 
2m + 27 + 8i + 4h by Takenaka (1952), but the geographical origin of his 
plant was not known. As stated in the following section, this species extends 
over rather variable habitats in Hokkaido; therefore, it is desirable that 
the karyotype of this species be re-examined in detail on more material from 
many different localities. 


(c) H. yezoensis X H. middendorffii 

Chromosomes of five different hybrid clones were examined. Among them, 
two different karyotypes were observed, i.e., one being 22 (2m) = 4L + 2m 
+ 47 + 61 + 2T + 4h; the other, seen only in a single sample, was 22 (2n) = 
4L + 2m + 67 + 7i + 2T + 1h (Table III, Fig. 5, C and D). 
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As concerns the hybrid plant it is necessary to investigate it in more detail 
karyologically and to examine a greater amount of material. 


Discussion 

At Otanoshike and vicinity, called Kushiro-Genya (the Kushiro Plain), 
there exist extensive areas of marshes. The hybrid swarms of Hemerocallis 
spread mainly over the rather narrow areas at the margin of a marsh along 
some very low undulating hills which rise only 5 to 10 m above sea level and 
are developed parallel to the seashore of the Pacific Ocean (Fig. 2). 

Hemerocallis middendorffii is widely distributed in northeastern Asia, i.e., 
on the Kurile islands, in Hokkaido, Saghalin, Amur, Ussuri, Korea, and 
northern China, and it is one of the most common and wide-ranging species 
in marshes and very damp grasslands developed on alluvial plains. It is 
also frequently found on high moors of the alpine zone in Hokkaido. The 
distribution area of H. yezoensis is confined to some localities in certain eastern 
and southern districts of Hokkaido, and to the island of Kunashiri, S. Kuriles. 
It prefers rather dry grasslands developed on secondary sand dunes or along 
river banks. As stated above, the two species usually occupy ecologically 
quite different sites, and are effectively separated by ecological barriers. 
It seems that the two species have different physiological responses, especial- 
ly to the water content of the soil in their habitats. In localities other than 
at Otanoshike, the ecological preferences are as readily recognized as the 
morphological differences between the two species. They have doubtlessly 
formed two independent lines of evolution over a long period of time, judging 
also from the morphology and geographical distribution of the other species 
of Hemerocallis in Japan and its neighborhood. 

The habitats in which a large number of hybrid plants are growing seem, 
as a whole, to be intermediate between those of H. yezoensis and H. mid- 
dendorffii, i.e., the hybrid habitats are more or less damp but do not have so 
high a water content as areas extending more inland. This observation is 
also substantiated by the composition of the plant communities in the re- 
spective areas. H. middendorffii is generally associated with many kind of 
sedges, with Drosera rotundifolia, Myrica gale var. tomentosa, Hosta rectifolia, 
Eriophorum vaginatum, and so on, which are regarded as inhabitants of the 
marsh, whereas H. yezoensis is accompanied by Vicia cracca, Scutellaria strigil- 
losa, Achillea sibirica, Inula britannica var. chinensis, Galium verum, etc., 
which usually are found near sand dunes. Such plants as Miscanthus sac- 
chariflorus, Cephalonoplos setosum, Cerastium caespitosum var. ianthes, Rorippa 
islandica, Senecio vulgaris, and so on, are found in the areas in which the hybrids 
grow, and may be defined as a neutral element in such a vegetation zone. 

Accordingly, clones of H. yezoensis, a species of only slightly moist soil 
with a high content of organic material, seem likely to have dispersed to and 
invaded originally marshy areas which now have dried out. In such areas it 
has met with remaining clones of H. middendorffii, and, as a result, a large 
number of hybrid plants have arisen. 

There can be no doubt that habitats of both species of Hemerocallis have 
been modified by human occupation, at least during the last century. In most 
cases their areas have been used for grazing. On or along the hill at Otanoshike 
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the highway and railway, connecting many small villages, run parallel to 
the seashore and split the vegetation zones into many small and narrow patches. 
As a consequence, the flow of many small streams in the marsh has sometimes 
been completely changed by the constructions, and it is considered that some 
of the areas along the margin of the hill have been particularly influenced by 
this. 

Judging from the topography of the areas near Otanoshike, it seems likely 
that the low and narrow hill, which developed along the margin of the marshes 
and is now partly occupied by the hybrids, was the original habitat of H. 
yezoensis, and that the more moist, really marshy areas further inland were 
the natural habitat of H. middendorffii. This assumption will also be fully 
supported from the morphological point of view, as already described in the 
foregoing section. 

It is apparent that the fertility of hybrid plants is strikingly reduced com- 
pared to that of both parental species, but mature seeds of hybrids were 
germinated comparatively well. It is possible that a number of subsequent 
generations after the F; may be obtained, although it is known that it takes 
many years before an adult plant is capable of producing flowers. This is 
often the case in species belonging to the Liliaceae. Under the natural conditions 
it seems that F:, backcrosses, and subsequent generations have been produced 
and resulted in the vast array of variants in the hybrid areas. Some recombine 
parental traits whereas others produce exceptional variants unlike either 
parent. In addition to the facts stated above, it should also be noted that 
these species propagate well by vegetative methods as well as by seeds, and 
that a considerable number of plants in the colonies of Otanoshike represent 
clones rather than seed plants. Each clone keeps its adaptability to the habitat 
throughout its lifetime. 

It has been pointed out by Nakao (1956) that the relationship and the 
degree of intermixture between different species populations are most effec- 
tively regulated by the difference of only a few hours in blooming time, and 
that such a difference may effectively prohibit the pollination of one species 
by another. H. yezoensis and H. middendorffii have exactly the same flowering 
time, and both of them bloom during the day; therefore, no such barrier exists 
between them. The present author considers that this hybrid swarm repre- 
sents an incipient stage of so-called “‘introgression.”’ 

Lewis and Epling (1959) have mentioned a case in Delphinium where it 
is possible to give a specific rank to plants which apparently originated from 
an interspecific hybridization between two different species without change 
of chromosome number. According to a map given by Lewis and Epling 
showing the geographic area of each taxon, hybrid species occupy a rather 
wide geographic range which is equal to that of each parental species. 

However, the present case is a little different from the one mentioned above. 
It seems that the parental species only exceptionally contact each other, as 
a matter of fact only in Otanoshike and its neighborhood, and that the heter- 
ogeneity of the hybrids is most conspicuous. 

As the original description of H. yezoensis (Hara 1938) seems to include 
part of the hybrid population at Otanoshike, it becomes necessary to redefine 
the limit of this species to exclude any hybrid plants. 
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Future research will give more information on the problem discussed in 
this paper. 


Acknowledgment 


The author wishes to express deep appreciation to Drs. Askell and Doris 
Live for their kind guidance and criticism. He is also grateful to Prof. Misao 
Tatewaki, Director of the Botanic Garden, Hokkaido University, Japan, 
for his yaluable suggestions and encouragement throughout the course of 
this research. Thanks are also due to Dr. Masataka Kurabayashi, University 
of California in Los Angeles, Dr. Tuguo Tateoka, Institut Botanique, Univer- 
sité de Montréal, and Mrs. Kazuko Samejima and Mr. Junichiro Samejima, 
Forest Experiment Station, Hokkaido Branch, Sapporo, for their very valuable 
criticism and assistance. 


My special gratitude is also due to Miss Virginia Weadock for her kindness 
in correcting the English of the manuscript. 


References 


omen Ls 1948. Hybridization of the habitat. Evolution, 2, 1-9. 

9. Introgressive hybridization. John Wiley & Sons, Inc., New York. 

remmanel E. and Husricnt, L. 1938. The evidence for introgressive hybridization. Am. 
J. Botany, 25, 396-402. 

Dark, S. O. S. 1932. Meiosis in diploid and triploid Hemerocallis. New Phytologist, 31, 310-320. 

Fuxupa, I., Hrraizumi, Y., NARISE, T., and KURABAYASHI, M. 1960. Evolution and vari- 
ation in Trillium. V1. Migrations among natural populations of T. kamtschaticum 
across the Ishikari Depression. Evolution, 14, 224-231. 

Hara, H. 1938. Hemerocallis yezoensis Hara. Japan. j. Botany, 14, 520. 

KuraBayasat, M. 1958. Evolution and variation in Japanese species of Trillium. E volution, 
12, 286-310. 

Lewis, H. and Eptine, C. 1959. Delphinium gypsophilum, a diploid species of hybrid origin. 
Evolution, 13, 511-525. 

NAKAO, S. and YAMAsHITA, K. 1956. Variation in some plant populations. In Komai, T. and 
Sakai, K., Syudan Idengaku (Population Genetics), 249-254, Tokyo. 

Onwt, J. 1953. Flora of Japan, 297-300, Tokyo. 

SaMEJIMA, K. 1958. Evolution and variation in Trillium. II. Variation in some external 
ane observed in natural populations of Trillium kamtschaticum Pall. Evolution, 
12, 63-71. 

StespBins, G. L., Jr. 1950. Variation and evolution in plants. Columbia Univ. Press, New 





York. 
TAKENAKA, Y. 1929. Karyological studies in Hemerocallis. Cytologia, 1, 76-83. 
1952. Karyotypes and sterility in Hemerocallis. Coordinating Comm. Research Genet. 
3, 71-90. 
Tyio, J. H. and Levan, A. 1950. The use of oxyquinoline in chromosome analysis. Anales 
estac. exptl. Aula Dei, 2, 21-64. 








THI 













N 
disc 
clim 
ture 
folle 
folle 
men 

Ir 
con 
grot 
inju 
obs« 
neo' 
Cha 

I 
stuc 
hel 


grov 





AND NEEDLE-BLIGHTED WHITE PINE TREES! 
S. N. Lrnzon? 


Abstract 


observation of the actual movement of a dye solution in a living tree. 


uptake, however, were similar in needle-blighted and healthy trees. 


Introduction 


Chalk River, Ontario, in the summer of 1955. 


growing under natural field conditions. 


Materials and Methods 


1Manuscript received January 6, 1961. 


“Forest Pathology Laboratory, Maple, Ontario. 
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The movement of dye solutions in stems of white pine trees, Pinus strobus L., 
was studied by injection methods. Of several solutions used, a dilute aqueous 
solution of acid fuchsin was the best indicator of water absorption and move- 
ment in the tree. One-hole injections permitted a better assessment of the 
movement of solutions in the tree than girdle injections. Solution absorption 
in white pine through a girdle injection locus was observed to average about 
one liter per hour at the start of the injection period and to diminish with time. 
Increasing amounts of solution were absorbed and advanced higher in the tree 
with increasing numbers of daylight hours. Solution absorption and movement 
in the tree were depressed during night hours. Height of movement of the 
solution in the tree was unaffected by the size of the injection incision. Exposing 
the outer sapwood by cutting a ‘“‘window’’ through the bark permitted the 


The effect of needle blight on solution movements was investigated by simul- 
taneous injections of paired healthy and diseased pine trees. Smaller quantities 
of solution were taken in by diseased trees, per unit time. The rates of solution 
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THE MOVEMENT OF INJECTED DYE SOLUTIONS IN HEALTHY 


Needle blight of eastern white pine is characterized by an orange-red 
discoloration of the distal portions of current year needles (8). Various 
climatic conditions, such as a summer drought (3), a summer of excess mois- 
ture (6), a spring drought followed by a summer drought (10), a wet spring 
followed by a dry early summer (7), and a dry summer in the previous year 
followed by a wet summer (1), have been postulated to cause root disable- 
ment and a faulty water supply to the tree, resulting in needle blighting. 

Irrespective of the nature of the water supply from the roots, a study was 
conducted to determine differences in the transport of water in the above- 
ground portions of diseased and healthy trees, which may account for foliar 
injury. White pine trees with a known history of disease, and trees never 
observed to exhibit the symptoms of needle blight, were treated simulta- 
neously in injection experiments at the Petawawa Forest Experiment Station, 


In addition, the movement of dye solutions in healthy trees only, was 


studied at the University Forest, Dorset, Ontario, in the summer of 1956 to 
help define the behavior and water requirements of fairly large white pines 


Diseased trees selected for the study of the movement of dye solutions 
were those which exhibited needle blight symptoms on their foliage of the 


Contribution No. 711, Forest Biology Division, Department of Forestry, Ottawa, Canada. 
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current year for several years in succession. Definition of the occurrence of 
needle blight was obtained from survey data accumulated at Chalk River 
since 1948 by Mr. B. W. Dance. Neighboring trees, comparable in size to 
the diseased trees, but not observed with needle blight symptoms during the 
same period of years, were selected as controls. A total of 24 white pines, 
averaging 60 years in age, of which half were needle-blighted and the remainder 
healthy, were examined. 

The severity of needle blight symptoms on the trees studied was determined 
after the trees were injected and felled. The intensity scale prepared for this 
purpose has been described in a previous paper (8). 

At the University Forest, 51 codominant,* healthy white pine trees,‘ aver- 
aging 65 years in age, were examined for solution-conduction patterns. 

Solution movement was studied by tracing dye solutions that had been in- 
jected into the lower boles of the trees. A bottle-siphon system which had been 
used successfully in the injection of birch trees (9) was tried and found to be 
inoperative with white pine because of excessive resin flow. A pan and chisel 
method (2) was adapted and proved effective. 

Two kinds of solution containers were used. One was an aluminum pan in 
the shape of a cone frustum which was nailed to the tree and sealed with 
grafting wax (Fig. 1). This allowed the tree to be incised with any number 
of holes or with complete girdling below the surface of a dye solution con- 
tained in the pan. The other type of container was an aluminum trough, 
fastened to the side of the tree, in which a one-hole incision into the tree 
could be made under solution. At night, or on other occasions when it was 
inconvenient to maintain the proper level of the solution in a pan or trough, 
a bottle-siphon system was added to the container (Fig. 3). It was possible 
to attach two troughs to opposite sides of the same tree (Fig. 5), and then 
simultaneously inject the tree with differently colored dye solutions. The 
open containers were covered during the injection period for protection against 
rain, falling debris, and evaporation. 

Several dye solutions were used, and of these, only two, malachite green — 
oxalate and acid fuchsin could be traced easily in the tree. These two solu- 
tions were then tested in several experiments to find the one whose absorption 


’Codominant refers to trees which are not the tallest in the stand, but form part of the 
crown canopy and receive adequate overhead light with some side light. 

‘The average dimensions of these trees were: 47 feet in height, 6.9 inches in diameter at 
breast height, 19.8 feet in length, and 10.3 feet in width of green crown, with 25 annual rings 
- the last inch of wood at stump height, which indicated slow growth in the last two or three 

ecades. 

‘Absorption refers to the quantity of liquid entering the tree via the injection incision. 





Fic. 1. Solution container in form of a pan affixed to a white pine tree. 

Fic. 2. Peeled white pine tree showing staining pattern following a girdle injection. 

Fic. 3. Solution contained in a trough attached to a white pine tree with an added 
bottle-siphon system. 

Fic. 4. Peeled white pine tree showing staining pattern following a one-hole injection. 

Fic. 5. Two troughs attached to opposite sides of the same white pine tree permitting 
the injection of differently colored dye solutions. 

Fic. 6. Section from a white pine tree which was deeply incised during the injection 
to show that there was no movement of dye solution in the heartwood. 
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and transport in the tree were most similar to the absorption and transport 
of undyed water. 

Several factors which could affect the rate of solution absorption and 
subsequent movement in the tree, such as tree height, diameter, and crown 
size, time of day, and existing weather, were recorded. When the injections 
were completed, the trees were felled, peeled where necessary, and dissected 
at frequent intervals from ground level to tree top to reveal both the vertical 
and radial staining pattern made by the marked solutions. 


Results and Discussion 
1. Solution Movement in Healthy White Pine Trees 

Dye solutions moved both upwards and downwards in the stem from the 
injection locus. On different occasions either the outer sapwood or the inner 
sapwood, or both, were penetrated. Dead branches were not entered, nor 
was the heartwood of the tree (Fig. 6). 

In girdle-injected trees the solution encircled the periphery of the sapwood 
and moved up and down in the tree (Fig. 2). One-hole injections, however, 
permitted a better assessment of the movement of the solution in the tree, 
since a column of stain solution could be seen to have ascended and descended 
in the sapwood in a gradual helical course, which was dependent on the slope 
of the grain in the tree (Fig. 4). Lateral transfer of solution was slow and it 
was only in the upper bole of the tree that the dye solution eventually en- 
circled the sapwood. In addition, one-hole injections permitted the observation 
that specific roots ultimately join up with certain branches in the crown by 
means of a spiralling band of wood cells in the trunk of the tree. There was no 
selection of branches or roots by the injected dye solution, but only the chance 
location of these structures in the path of the solution’s movement allowed 
them to be entered. The helical course of solution movement apparent by the 
one-hole injection method was obscured in girdle-injected trees because of 
the continuous circumferential movement of the dye solution. 

The absorption and movement of dilute aqueous solutions of malachite 
green — oxalate and acid fuchsin injected into healthy white pine trees was 
compared in several experiments. The results obtained when trees were 
injected with undyed water and solutions of malachite green — oxalate and 
acid fuchsin are shown in Table I. 





Movement of an injected dye solution in the outermost growth layers 
of a living white pine tree. 
Fic. 7. Appearance of tree prior to injection, with trough attached and “window” 
cut through the bark to expose the sapwood. 


Appearance of staining pattern. 

Fic. 8. Twenty minutes after start of injection. Two indistinct bands are visible above 
and below the injection point. 

Fic. 9. Forty minutes after start of injection. Staining pattern more noticeable, with 
a third band starting above injection point. 

Fic. 10. One hour after start of injection. Staining pattern more distinct, with a 
fourth band visible above the injection point. 

Fic. 11. Two hours after start of injection. Bands increasing in height and width. 

Fic. 12. Five hours after start of injection. Staining pattern pronounced. Bands for 
most part joined in a continuous column above and below the injection point. 








*(¢ “B1q) 9013 ay} JO SapIs az1SOddo 0} payoezje syBNnol} OM} Bursn Ajsnosueznurs pszdafut 9913 suTeS} 
*991} UT J9}BM PIAPUN JO JUZUTBAOUI 99BI} OF BIQEUL/)» 





8°0 1°91 0F'0 0°72 ussyony prow %¢"0 9]0y-2uQ $*Z l'th = $9261 
$}001 
payoray 1°6 26°Z O'FZ — aVeTeXO — udasd aqryorjeu %¢°9 9]0oy-2uQ s'¢ Vth = 49261 


VOL. 39, 1961 


* $9°0 8'¢ sayem paxpus) ajoy-sinoy L°Z O° LF 90611 
sl 6°92 £1°0 8°F ursyony plow %¢'0 ajoy-nof 9°~ 6°SP SO6TT 
9°72 9°¢ 00°F S*h ayeyexo — uaasZ ayryoujeul %¢"0 ajoy-sno F LZ $°8h bO6TT 

* * 0F'0 £'h sayem pakpuy) 3]0Y4-2UO LZ O°St £0611 
VT o's! Te" 0's ulsyony plow %¢"0 9JoYy-2uQ 9°72 6th 1O61T 
$}001 

peyoray OL 00°T O'S = B3Texo — udasd ayYyoureu 7% ¢°0 3]04-2UD 6°Z 6th ZO6TT 





(33) (33) (s1931]) (44) payefut noppur (35) (35) “ON 
UOISIDUI UOISIOUI peqiosqe potsed UOTyN[OS jo yuiod 3H aL 
MOTAq aaoqge junowy uonsafuy adAy uorjdefut 
“ad 3H j° “3H 





qUaWIBAOU! UOTINTOS 








> 
Zz 
< 
& 
° 
a 
cm) 
° 
4 
< 
Zz 
4 
2 
fe) 
- 
Zz 
s 
Q 
= 
Z 
< 
oO 


$901} auid az1yM Ay Ieay ul sprnby pazsefur Jo JuaWaAOW puke UOT}dIOSqe Jo UOsIIedUIOD 
I ATaVL 














LINZON: MOVEMENT OF DYE SOLUTIONS 687 


Malachite green — oxalate solution was absorbed more rapidly, but moved 
less in height above and more in distance below the injection point than did 
acid fuchsin solution. Absorption of the undyed water corresponded closely 
to the quantity of acid fuchsin solution absorbed by the trees. 

The uptake of the two different dye solutions in white pine in increasing 
time intervals after the solution container was removed and the injection 
stopped is shown in Table II. The malachite green — oxalate solution moved 
very little, if any, after the injection was stopped, while the acid fuchsin 
solution continued to move vertically in the tree. 

These two dye solutions were further tested in the laboratory. Strips of 
filter paper were suspended in a chamber containing a pan of water and 
equilibrated at 25° C. The ends of the paper strips were then placed in different 
dishes containing malachite green — oxalate or acid fuchsin solution. The 
strip of filter paper in the malachite green — oxalate solution showed the 
stain being adsorbed by the cellulose fibers in the paper, while the water 
solvent diffused upwards ahead of the stain. This did not occur on the filter 
paper suspended in the acid fuchsin solution, the solute and the solvent 
remaining together as a unit during diffusion. 

The absorption and movement of the two dye solutions injected into white 
pine trees utilizing different types of incisions are shown in Table III. More 
solution was absorbed by the trees with the larger incisions. The movement 
of the injected solutions was largely confined to definite arcs in the stem, 
with the widths of the arcs determined for the most part by the widths of the 
injection cuts. The height of movement, however, of the injected solutions 
in the stem was not affected by the size of the incisions. 

The record of dye solution absorption and movement within a group of 
healthy trees injected during various day and night periods is shown in 
Table IV. Increasing amounts of solution were absorbed and advanced higher 
in the tree with increasing numbers of daylight hours. Solution absorption 
and movement in the tree were depressed during night hours. 

Greenidge (5) and Morris (9) found that stain solutions were absorbed at 
a higher rate and were transported more rapidly in hardwood trees than was 
found for white pines used in this study. Solution absorption in white pine 
through a girdle injection locus was observed to average about one liter per 
hour at the start of the injection period and to diminish with time. 

In order to observe the actual movement of a stain solution in the outer- 
most growth layers of a living white pine tree, a ‘‘window” was cut through 
the bark exposing the sapwood above and below an attached trough. The 
tree was then injected with a dilute aqueous solution of acid fuchsin and 
measurements and photographs of the moving solution were taken at short 
intervals of time. A check tree, with no bark removed and injected at the 
same time as the debarked tree, showed no differences in staining pattern 
internally, when both trees were analyzed later. Figures 7 to 12 illustrate 
the movement of the dye solution in the tree with the exposed sapwood. 


2. Solution Movement in Paired Healthy and Needle-blighted White Pine Trees 
The record of dye solution absorption and movement in healthy trees 
paired with needle-blighted trees and injected simultaneously utilizing girdle 
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incisions is shown in Table V. The injection into individual trees was stopped 
when an equal quantity of dye solution was absorbed by each member of a 
pair of trees. The needle-blighted trees generally required more time to 
absorb the same quantity of solution as was absorbed by the healthy trees. 
However, the diseased trees were capable of transporting the solution in 
the tree as high as, or in some instances even higher than, healthy trees. 
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Fic. 13. The movement of a dye solution in a white pine tree injected through a one- 
hole incision. Note that the solution does not enter dead branches or the living branch 
in the crown which does not lie in the path of the solution. The actual staining pattern 
observed in cross section at 8-ft intervals for a healthy and a needle-blighted tree, which 
were injected simultaneously, is shown at the sides of the figure. (See Table VI.) 
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The record of dye solution absorption and movement in healthy trees 
paired with needle-blighted trees and simultaneously injected utilizing one- 
hole incisions is shown in Table VI. From this table it is evident that the 
needle-blighted trees absorbed less solution per unit time than did the healthy 
trees, and, again, that the diseased trees were capable of transporting solutions 
vertically as easily as healthy trees. 

Regardless of the nature of the water supply to white pines, once it has 
reached the stem, there appears to be no occlusion in the vascular system 
of diseased trees to prevent this water from reaching the foliage. 

The absorption of less solution per unit time by diseased trees is probably 
related to the reduced size of the needles and the amount of injury to the 
foliage. 

Individual variations in staining pattern were noted from tree to tree 
but no consistent pattern differences were found between needle-blighted or 
healthy trees as groups. Figure 13 illustrates the movement of a stain solution 
in a one-hole-injected white pine tree. In addition, this figure shows the 
staining patterns in cross section at 8-ft intervals for a healthy tree and a 
needle-blighted tree injected simultaneously. 

Greenidge (4) found solution ascent reduced in yellow birch trees in pro- 
portion to the increase in severity of the symptoms of “birch dieback’’. In 
white pine, this study has shown that there are no drastic differences in 
solution-conduction patterns between healthy trees and those injured in 
different degrees by needle blight. 
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THE INTERACTION OF PLANT, PATHOGEN, AND 
SCAPTOCORIS TALPA CHAMP! 


M. I. TIMonrIn? 


Abstract 


The effects of the odoriferous volatile matter produced by Scaptocoris talpa 
Champ on the activity of Fusarium oxysporum f. cubense (E.F.S.) Sny. and 
Hans., F. oxysporum f. lycopersici (Sacc.) Sny. and Hans., and Meloidogyne 
oe in soil, and its phytotoxicity to tomato seedlings, were investigated. 

The results obtained indicated that 50-75 insects per pot protected tomato 
seedlings (Bonny Best) and banana plants (Gros Michel) from attack by their 
respective fungus pathogens and one insect per 2 grams of soil protected tomato 
seedlings from attack by root-knot nematode. 

The apparatus especially constructed to study the phytotoxicity of odoriferous 
volatile matter to tomato seedlings and its effect on microbial population of the 
soil was described. By means of this apparatus it was found that 6 days of a 
weak flow of a mixture of air and volatile matter produced by 350-400 insects 
was not phytotoxic to six tomato seedlings. Furthermore, it was also found 
that volatile matter produced by 800 insects, under the same conditions, was 
not toxic to one tomato seedling. Under similar conditions the non-phytotoxic 
concentration of volatile matter produced by 350-400 insects reduced the density 
of F. oxysporum f. cubense population in soil samples containing 25 and 15% 
(w/w) of moisture by 61.20 and 45.78% respectively. 

It was also demonstrated that one insect per 2 grams of soil infested with the 
root-knot nematode during 16 hours’ incubation produced a nematocidal con- 
centration of volatile matter. 

The possibility of selective toxicity of volatile odoriferous matter to various 
bacteria is also discussed. 


Introduction 

The recent excellent reviews of literature (2, 5) on the production of anti- 
biotics by arthropods referred mainly to the isolation and identification of 
the chemical composition of these antibiotics and their antimicrobial and 
insecticidal properties. Some of these antibiotics, pederin and cantharidin, 
according to Pavan (5) proved to be powerful phytoinhibitors. However, 
there was no reference made to the ability of arthropods to protect culti- 
vated plants from their pathogens. On the other hand, a Calpoda sp. according 
to Brodsky (1), was able to protect cotton and tomato plants, grown in 
nutrient solutions, from attack by Verticillium dahliae. Furthermore, he also 
demonstrated that conidia of V. dahliae did not germinate in the presence of 
Calpoda sp. or in filtrates of media in which Calpoda was cultivated. Later 
Leont’ev (3) reported that Calpoda saprophila was able to protect cut Chrys- 
anthemum frutescens stems from Fusarium infection and potato stems from 
Penicillium expansum. 

It was reported from this laboratory that a fossorial insect, Scaptocoris 
talpa Champ, found feeding on roots of banana plant (7, 8) emitted a volatile 
odoriferous matter which proved to be fungicidal to Fusarium oxysporum f. 
cubense (E.F.S.) Sny. and Hans. and 14 other fungi in vitro and in soil. 

1Manuscript received November 3, 1960. 

Contribution from Vining C. Dunlap Laboratories, Tela Railroad Company, La Lima, 
Honduras (a subsidiary of United Fruit Co.). 


2Present address: Forest Pathology Laboratory, Department of Forestry, University Sub 
Post Office, Saskatoon, Sask. 
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The present paper gives additional information of the ability of S. talpa to 
protect plants from soil-borne pathogens under greenhouse conditions. 


Methods 


To investigate the ability of S. talpa to protect tomato (var. Bonny Best) 
and banana (var. Gros Michel) plants from attack by Fusarium oxysporum 
f. lycopersict (Sacc) Sny. and Hans. and Fusarium oxysporum {. cubense 
(E.F.S.) Sny. and Hans. respectively, the following experimental outline 
was used: 








Treatment Infestation Volume or number per pot Replicates 





Tomato seedlings (three plants per pot) 


1 F.o. f. Lycopersict 30 cc fungus inoculum 3 
2 S. talpa 50 insects 3 
3 Treatment 1 + 2 30 cc fung. inoc. + 50 ins. 3 
+ Control _ 3 
Banana plants (one plant per pot) 
5 F.o. f. cubense 30 cc fungus inoculum 7 
6 S. talpa 75 insects 5 
7 Treatment 5 + 6 30 cc fung. inoc. + 75 ins. 5 
8 Control _ 5 





Loam soil, pH 7.2-7.3, as previously described (8) was used for this experi- 
ment. The soil, prior to application, was sterilized with methyl bromide 
containing 2% of chloropicrin, in a box especially constructed for this purpose 
according to the manufacturer’s directions. 

Eight- and eleven-inch unglazed clay pots, filled with sterilized soil, were 
used to grow the tomato and banana plants respectively. 

The moisture content of the soil was adjusted to 18% (w/w) with tap 
water and maintained at this level throughout the experiment by the constant 
weight method. 

Fourteen-day-old fungus cultures, grown on 10% corn meal in sand medium 
were used for inoculum. Before application, however, the culture flasks were 
shaken by hand so that the mycelial mat formed on the surface of the medium 
was broken and homogeneously distributed throughout the medium. 

The insects were dug out from the banana plantation soil, and adults and 
nymphs were immediately applied in various treatments according to the 
outline of the experiment. 

The tomato seedlings when used were 22 days old, and for propagation 
of banana plants, rhizomes (‘‘seed’’) of sword suckers of uniform size were 
used. 


3The Dow Chemical Company, Midland, Michigan, U.S.A. 





Fic. 1. The interaction of tomato plant, Fusarium oxysporum f. lycopersici, and S. 
talpa. Treatments left to right: pathogen alone, insects alone, pathogen plus insects, and 
control (no treatment). Note third pot from the left, insects protected the plant from 
pathogen. 

Fic. 2. The interaction of banana plant, Fusarium oxysporum f. cubense, and S. talpa. 
Treatments: (1) pathogen alone, (2) insects alone, (3) pathogen plus insects, and (4) 
control (no treatment). The plants selected from five replicates to show maximum 
response to the treatment. 








Ti- 
ide 
se 


re 


ap 
int 












PLATE I 





Timonin—Can. J. Botany 








steri 


syst 
inset 


lings 
tom 
wert 
the 

and 
sym 
gro\ 
and 
the 

con! 


the 
in t 
indi 
soil 
dev 
(tre 
roo’ 
the 
insé 
feec 


Ph 
by 

in | 
Th 


enc 
line 


tut 


hor 

















TIMONIN: EFFECT OF SCAPTOCORIS 697 


The roots of tomato seedlings and banana plants were trimmed with a 
sterilized scalpel so that the pathogen would get direct access to the vascular 
system of the host plant. The infestation with the pathogen or with the 
insects was made directly on the root system at the time of planting. 

The various details of other experiments are given in the text. 


Results 


On the eighth day from the beginning of the experiment the tomato seed- 
lings grown in the Fusarium-infested soil (treatment 1) began to show symp- 
toms of wilt and on the 22nd day it was noted that most of the seedlings 
were dead. The remaining plants appeared wilted and did not develop beyond 
the seedling stage. The plants grown in the soil containing both pathogen 
and insects, or insects alone, were vigorous in appearance and did not show 
symptoms of wilt (Fig. 1). On examination of the root systems of plants 
grown in the insect-infested soil (treatment 2) or in combination of insects 
and pathogen (treatment 3), it was noted that the insects were feeding on 
the roots. However, the roots appeared to be as well developed as those in 
control pots (treatment 4, Fig. 1). 

The banana plants did not show any external symptoms of wilt but in 
the fifth week after planting they began to show a difference in height and 
in the development of the foliage (Fig. 2). The data summarized in Table I 
indicate that plants grown in the insect-infested soil (treatment 6) or in the 
soil containing both insects and the pathogen (treatment 7) were taller and 
developed better foliage than the plants grown in the Fusarium-infested soil 
(treatment 5) or the control plants (treatment 8). On examination of the 
root systems it was noted that roots did not develop to the same extent in 
the Fusarium-treated soil as in the control pots or in the pots containing 
insects alone or in combination with the pathogens. The insects were found 
feeding on the roots. 


Phytotoxicity of Volatile Odoriferous Matter 

For assay of the phytotoxicity of the volatile odoriferous matter produced 
by insects a special apparatus was constructed (Fig. 3). 

The insects (350-400) were placed in a glass cylinder (Fig. 3-2) situated 
in a horizontal position so that insects were distributed over a larger area. 
The cylinder was connected by means of glass and rubber tubing at the right 
end with the humidifier (Fig. 3-1) and at the other end with the distribution 
line (Fig. 3-3). 

Six glass cylinders (Fig. 3-4) were closed at both ends with rubber stoppers 
with a glass tube inserted through each stopper to allow the passage of air. 
The upper end of each cylinder was connected by means of T tubes and rubber 
tubing with the distribution line and the lower end with a 250-ml Erlenmeyer 
flask (Fig. 3-5). 

Each cylinder contained 100 g of soil of the same type as used in the green- 
house experiments. To prevent the flow of the soil through the tubes a glass 
wool pad was placed in the bottom of each cylinder covering the tube. The 
Erlenmeyer flasks were closed with rubber stoppers through which a glass 
bubbler and outlet tube were inserted, the outlet tubes being attached to 
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the main line (Fig. 3-6), which was connected with the aspirator pump. 
Therefore, when suction was applied, the air of the room was drawn through 
a humidifier over the insects, where it was mixed with the volatile odoriferous 
matter, then through columns of soil and the bubblers into a main outlet line. 
To insure the passage of an equal volume of air (mixed with odoriferous 
matter) through each cylinder the Erlenmeyer flasks (Fig. 3-5) were filled 
with an equal volume (100 ml) of water and the flow of air, regulated by the 
clamp (Fig. 3-7), was adjusted to the count of 112-115 bubbles per minute. 
The three cylinders on the right, Fig. 3, received, through a separate humidi- 
fier, the same volume of laboratory air only (control). Tomato seedlings 
(third-leaf stage), variety Bonny Best, were planted, one per cylinder, and 
10 ml of sterilized distilled water was added to level the surface of the soil 
and to bring the moisture content to 18-20% (w/w). 
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Fic. 3. Assembly for phytotoxicity assay of volatile matter emitted by Scaptocoris 
talpa. Explanation in the text. 

The experiment was performed under natural daylight conditions in the 
laboratory at 25-27°. 

After 6 days of continuous flow of the mixture of air with volatile odori- 
ferous matter the seedlings appeared darker green than they were at the 
beginning of the experiment whereas leaves of control seedlings began to 
develop a yellow color. 

When the cylinders were opened for examination of the root system, a 
strong insect odor was detected, by smell, in the cylinders as well as in the 
soil. It was found that the root systems of the treated seedlings did not differ 
to any appreciable degree from the roots of the control seedlings. 

The results also indicated that, under similar conditions, the concentration 
of volatile matter produced by 800 insects and applied to only one tomato 
seedling (cylinder) was not phytotoxic. 


Direct Effect of Volatile Matter on the Survival of F. oxysporum f. cubense in Soil 
To determine the effect of volatile odoriferous matter, of the non-phytotoxic 
concentration, on the survival of F. oxysporum f. cubense in soil the same 
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experimental setup as illustrated in Fig. 3 was used. The soil for this experi- 
ment was obtained from the same place as that employed in the phytotoxicity 
tests. 

The soil was infested with conidia of a Yellowing Cultivar of F. oxysporum 
f. cubense (6) and the moisture content was adjusted in one lot of cylinders 
to 15% and in the second lot to 25% (w/w). 

Six-day-old cultures on potato 2% dextrose agar were used for inoculum. 
The conidial suspension was prepared in sterilized distilled water and to 
remove the mycelium it was passed, under aseptic conditions, through fine 
mesh muslin. 

The same number of insects (350-400) as in the phytotoxicity test was 
placed in a cylinder (Fig. 3-2) and the rate of flow of the mixture of air and 
volatile odoriferous matter was adjusted to the same bubble count per minute 
(112-115). 

The experiment was performed under laboratory conditions (25-27°) and 
the soil samples were taken 24 and 48 hours from the beginning of the experi- 
ment. 

The fungus population was estimated by the dilution method using Martin’s 
rose bengal streptomycin peptone dextrose medium (4) except that 222 ug/ml 
of streptomycin were used. 

After 3-4 days of incubation at 30° the colonies developed from suitable 
dilutions were counted. From one plate with good distribution, all white 
colonies were transferred into test tubes containing peptone dextrose agar 
and were later examined under the microscope. Thus the numbers of viable 
Fusarium “‘spores’’ per gram of moisture-free soil were determined. 

The data presented in Table II indicate that the concentration of volatile 
odoriferous matter not toxic to tomato seedlings was more active against 
Fusarium in the soil with higher moisture content. Thus after 48 hours the 
volatile odoriferous matter reduced the Fusarium population in the soil 
with 25% of moisture content by 61.20% whereas in the soil with 15% of 
moisture only 45.78% reduction was obtained. The results, therefore, indicate 
that a non-phytotoxic concentration of volatile odoriferous matter showed a 
good anti-Fusarium activity in soil. 

Under similar conditions but using 100 g per cylinder of unamended soil the 


TABLE II 
Effect of odoriferous matter on survival of F. oxysporum f. cubense in soil 











Count of fungi % 
Moisture, Time of (in thousands)? Fusarium 
% inoculation? Total fungi Fusarium survival 
15 24 335 300 70.84 
48 305 229.5 54.22 
48 (control) 474 423.5 — 
25 24 426.6 325.3 72.84 
48 253.3 173.3 38.80 
48 (control) 539.0 446.6 a= 





“Time in hours. 


°The figures presented are averages of the two samples of soil from two cylinders and were expressed per gram 
of moisture-free soil. 








conce 
of fu 
(Tab 


The 


note 
nem: 
susp 
prep 


a we 
(Fig 
by r 
the 

deac 
sma 
coul 
a we 


tode 


glas 
soil 

at 3 
flas} 


was 
soil 
wer 


Erl 


tom 
The 
flas 
of | 














TIMONIN: EFFECT OF SCAPTOCORIS 701 


concentration of volatile matter produced by 200 insects reduced the density 
of fungus as well as bacterial population by 62.57 and 46.71% respectively 
(Table III). 


TABLE III 


The effect of odoriferous matter on the microbial popu- 
lation of unamended soil 











Number of Fungi Bacteria 
insects (in thousands) (in millions) 
100 15.4¢ 15.8¢ 
200 12.5 15.4 
Control 33.4 28.9 





“The figures presented are averages of two samples from each of two cylinders 
and were expressed per gram of moisture-free soil. 


The Effect of Volatile Odoriferous Matter on Root-Knot Nematodes 

During the selection of tomato seedlings for the phytotoxicity test it was 
noted that the plants in one of the flats were heavily infested with root-knot 
nematodes. The nematode galls were then collected and macerated, and a 
suspension, in tap water, of a mixture of various species of nematodes was 
prepared. 

To investigate the effect of odoriferous volatile matter on the nematodes 
a weak flow of air was passed over 200 insects, enclosed in a glass cylinder 
(Fig. 3-2), and then bubbled through 200 ml of the nematode suspension 
by means of a glass fitted dispersion tube. After 1 hour of such treatment 
the nematodes appeared to be very sluggish, and several adult animals were 
dead. After 24 hours of treatment all adults and large larvae were dead but 
small larvae were still alive. These larvae were extremely sluggish and life 
could be detected only by touching them with a needle, when they exhibited 
a weak convulsion. 

To investigate the effect of volatile odoriferous matter on root-knot nema- 
todes in soil the following experiment was outlined: 

1. Insect-treated nematode-free soil.—A sufficient amount of soil to fill a 1-qt 
glass jar was weighed out and one insect per 2 g of soil was introduced. The 
soil then was thoroughly mixed, placed in a jar, and incubated for 16 hours 
at 30°. The insects were then removed and twelve 125-ml capacity Erlenmeyer 
flasks were filled with this soil. 

2. Insect-treated nematode-infested soil—The same as above except that soil 
was heavily infested with root-knot nematodes (5 ml of suspension/100 cc of 
soil) (12 flasks). 

3. Nematode-free soil—This contained one insect per 2 g of soil. The insects 
were introduced into soil just before planting (12 flasks). 

4. Control, nematode-free soil—Twelve flasks were used. When the 
Erlenmeyer flasks were filled with soil, a depression large enough to accom- 
modate the root system of the tomato seedling was made in the soil, and one 
tomato seedling (three-leaf stage) was placed in the depression in each flask. 
The flasks in treatment 1, 3, and 4 were divided into two lots, a and b; each 
flask of lot a received 5 ml of root-knot nematode suspension whereas each one 
of lot 6 received 5 ml of sterilized distilled water. 
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The moisture content of the soil was then adjusted to 18% (w/w) with 
distilled water and maintained at this level throughout the experiment. The 
plants were grown under daylight conditions in the laboratory close to the 
window. 

During the experiment the roots that developed alongside of the wall of 
the flasks and the visible insects were kept undér observation. 

Although treatments 1a, 2, 3a, and 4a were all nematode-infested, small 
swellings were developed on the roots only in treatment 4a (as observed on 
the 18th day). Furthermore, on the 22nd day the visible insects in treatment 
3 were dead. By the sixth week the root swellings had developed into good- 
sized galls, of various shapes, and were visible with the naked eye. The roots 
were then removed from the soil and washed and the galls were counted and 
recorded. Several galls were macerated and examined under the microscope. 
The nematodes were identified as Meloidogyne incognita (Koffoid and White) 
Chitwood. 

From the results obtained it was apparent that tomato seedlings grown in 
soil infested with the root-knot nematode did not develop nematode galls 
when this soil contained one live (minimum for 22 days) insect per 2 g of soil 
(treatment 3a) or when the nematode-infested soil was preincubated for 16 
hours with the same number of insects but the insects were removed before 
planting (treatment 2). However, when the nematode infestation was made 
after preincubation for 16 hours with the same number of insects, and the 
insects were removed from the soil before planting (treatment 1a), tomato 
seedlings developed a few nematode galls. This would tend to indicate that 
part of the volatile matter produced by the insects was lost during the sep- 
aration of insects from the soil, which was done by sifting them out or by 
spreading the soil and picking them out with forceps. 

On the other hand, all seedlings developed nematode galls when they were 
grown in nematode-infested soil (treatment 4a). No nematode galls were 
developed by the seedlings grown in treatment 1b, 3b, and 40, indicating 
that there was no natural root-knot nematode infestation of the soil used 
for this experiment. 

Discussion 

In considering the results presented in this paper it should be remembered 
that the chemical nature of the volatile odoriferous matter produced by S. 
talpa was not, as yet, determined‘ and the volume of this matter produced 
by adult insect or nymph was not ascertained. The chief criterion of the 
antifungal or the phytotoxic activity, of the volatile matter, was the fungi- 
static or fungicidal concentration produced by varying numbers of insects 
used in the experiment. 

The results presented in Table I and illustrated in Figs. 1 and 2 clearly 
demonstrated that 75 insects per banana plants and 15-20 per tomato seedling 
protected them from attack by their respective pathogens. The insects were 
found feeding on the roots of the experimental plants. Although tomato 
seedlings are usually very sensitive to adverse growth conditions, 15-20 
insects per seedling were not detrimental to the plants but rather stimulated 


— is proceeding on this aspect here and at Central Research laboratories, Norwood, 
ass. 
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them (Fig. 1). 

Comparing the results obtained on the phytotoxicity of volatile odoriferous 
matter to tomato seedlings with the effect on survival of F. oxysporum f. 
cubense in soil, obtained under similar conditions, it is quite apparent that a 
non-phytotoxic concentration of volatile matter reduced the density of 
Fusarium population by 61.20 and 45.75% in the soil with 25 and 15% (w/w) 
moisture content, respectively. Similarly the results with root-knot nematodes 
demonstrated the nematocidal activity of S. talpa against Meloidogyne 
incognita. 

In this respect it is of interest to compare the effect of live insects on a 
microbial population of soil with the effect of volatile matter produced by 
them. 

It has been reported (8) that one live insect per 6.7 g of soil infested with 
F. oxysporum {. cubense, during 6 days of incubation reduced the density of 
Fusarium population by 97.13 and 87.10% in sterilized and unsterilized soil 
respectively, but at the same time the density of bacterial population, in 
unsterilized soil, increased by more than 3.5 times. However, when a weak 
flow of a mixture of air and volatile matter produced by 200 insects was 
drawn for 6 days through a 100-g column of unamended soil, it reduced the 
density of fungus as well as bacterial population by 62.57 and 46.71% respec- 
tively (Table III). 

This comparison therefore indicates that live insects carry a bacterial 
flora resistant to the concentration of volatile odoriferous matter used in 
these experiments. This was confirmed by the experimental evidence (details 
will be published elsewhere) that one insect per cubic inch of space produced 
a concentration of volatile matter bactericidal to Pseudomonas solanacearum 
E.F.S. but not to bacterial flora isolated from insect wash water or to isolates 
obtained from sterilized soil infested with S. talpa. 
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THE SPORULATION OF HELMINTHOSPORIUM ORYZAE AS 
AFFECTED BY EXPOSURE TO NEAR ULTRAVIOLET 
RADIATION AND DARK PERIODS!” 


CHARLES M. LEACH 


Abstract 


Investigated was the interrelation of near ultraviolet radiation (3100-4000 A) 
and darkness to the sporulation of Helminthosporium oryzae. When H. oryzae was 
grown on potato dextrose agar at 70-75° F and irradiated at intensities of 76-470 
pw per cm?: (1) Near ultraviolet stimulated sporulation while visible light did 
not. (2) Conidiophore development was initiated under irradiation but not in 
darkness. Both continuous irradiation and intermittent irradiation (2-hour 
ultraviolet, 2-hour dark cycle) caused formation of conidiophores. (3) Conidia 
developed only when a period of irradiation was followed by a period of darkness. 
No conidia developed under continuous irradiation or in continuous darkness. 
(4) Under a single cycle treatment, the minimum dark period necessary for 
conidial development following an extended period of continuous irradiation was 
43 hours. (5) Under a single cycle treatment, the minimum exposure to ultra- 
violet followed by an extended dark period necessary to cause moderate to profuse 
conidial development was 4 hours, although conidia did form sparsely after 
shorter exposures. (6) Under alternating cycles of dark and irradiation of 2, 4, 6, 
8, and 12 hours (e.g. 2 hours dark, 2 hours ultraviolet, etc.), conidia developed 
under the 8- and 12-hour cycles, but not under the shorter cycles. Conidia 
developed under shorter cycles when the cyclical exposures were followed by a 
dark period of 12 hours. (7) Continuous irradiation of nutrient broth cultures 
caused a significant increase in dry weight growth over cultures kept in darkness. 


Introduction 

An investigation of the effects of ultraviolet radiation on the sporulation of 
miscellaneous fungi in culture indicated that while many species sporulated 
under continuous near ultraviolet (3100-4000 A) irradiation (8), Helmintho- 
sporium oryzae V. Breda de Haan sporulated only when a period of irradiation 
was followed by a period of darkness.’ The investigation here reported was 
made to determine more precisely the interrelation of near ultraviolet and 
darkness to the sporulation of that fungus. 


Literature Review 

Reports of sporulation of fungi stimulated by irradiation under “‘light’’, 
including ultraviolet, are numerous (4, 5). Only a few of these relate the neces- 
sity of a dark period following “‘light’”’ to induce sporulation of fungi. Several 
workers have noted a stimulation of sporulation of certain species of 
Helminthosporium under “‘light’’ (4), but none indicate that H. oryzae is 
stimulated by “‘light’’, or that any species of this genus require a dark period 
following ‘‘light’’ to induce sporulation. 

1Manuscript received November 18, 1960. 

Contribution from the Department of Botany and Plant Pathology, Oregon State College, 
Corvallis, Ore. ~4 for publication as Technical Paper No. 1356 of the Oregon Agricul- 
tural Experiment Station. 

2Work supported by regional project WM-35, Facilitating the Marketing of Seed through 
Improved Testing Procedures. 


3Darkness” as used in this paper connotes total absence of radiation between 2000 A- 
7500 
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Christenberry (3), studying the effect of light of various periods and wave 
lengths on the growth and asexual reproduction of Choanephora cucurbitarium 
(Berk. and Rev.) Thaxter, observed that although this fungus may fruit in 
complete darkness, most profuse sporulation occurred when light was followed 
by a dark period. At least 1 to 3 hours of darkness in every 12 hours was 
necessary for fruiting, equal periods of light and darkness causing greatest 
sporulation. No sporangia were formed under continuous light in any of 12 
experiments performed and Christenberry concluded that too much light 
inhibited fruiting. He also observed that artificial light (incandescent Mazda 
60 w and 100 w) affected the production of conidia more than sporangia. 
Red-yellow light of wave length 6080 A stimulated sporangial formation 
whereas wave lengths shorter than 5710 A suppressed sporangial formation 
increasingly as the violet region of the spectrum was approached. Barnett 
and Lilly (1) using 40-w daylight fluorescent lamps at 60 ft-c also found that 
formation of conidia by certain isolates of C. cucurbitarum was light sensitive. 
Conidia failed to form in cultures under either continuous light or continuous 
darkness from the time of inoculation, but formed in abundance under a 12- 
hour dark, 12-hour light cycle. They determined that the quota of exposure 
was important and that conidia formed only if a continuous light period was 
followed by a dark period of 12 hours, rather than a dark period preceding 
light. Continuous exposure at a low light intensity of less than 1 ft-c also 
induced sparse conidial production. When cultures were first exposed to 
continuous light, placed in darkness for varying periods of from 1 to 10 hours, 
and then returned to light, no conidia formed after a 1-hour dark period, only 
a few after 2 hours, with increasing numbers forming reaching a maximum after 
10 hours of darkness. No further increase in conidial formation occurred with 
longer periods of darkness. The minimum exposure to light at 60 ft-c necessary 
to induce sporulation was also determined. An exposure of 3 hours or less was 
insufficient to induce formation of conidia, whereas a few conidial heads 
formed after 4 hours, and a maximum after 8 hours. 

Timnick and co-workers, investigating the effect of light on Diaporthe 
phaseolorum var. batatatis (10), found that alternate light and darkness (day- 
light fluorescent lamps at 75 ft-c) was much more favorable for the production 
of perithecia and asci than was either continuous light or darkness. An extended 
period of light followed by darkness, or darkness followed by light, was less 
favorable for perithecial production. Alternating periods of light and dark, such 
as occur in nature, were suggested as probably near optimum for the production 
of ascospores. These workers also found that five 1-minute exposures (one 
every other day) to ultraviolet emitted from a germicidal lamp (mainly 
2537 A) was more effective than longer or more frequent exposures. 

Witsch and Wagner (12) discovered that Alternaria brassicae var. dauci 
required light to produce conidiophores, but that initiation of conidial develop- 
ment would only occur during darkness. They noted also the importance of 
light quality by observing that light from a fluorescent lamp was effective in 
initiating conidiophore formation while light from an incandescent lamp was 
ineffective. 
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Materials and Methods 

Four isolates of Helminthosporium oryzae, 1, 2, 3, and 4 were obtained from 
Dr. G. E. Templeton (Arkansas Agricultural Experiment Station). According 
to Dr. Templeton these isolates differed considerably in their ability to sporu- 
late on corn-meal agar or steamed rice, but by selective culturing of single 
spores, heavily sporulating strains could be obtained from each of the four 
isolates. When first received, the four isolates were grown on potato dextrose 
agar (2) at 75° F in darkness for 2 weeks. No sporulation occurred on PDA, 
which was consistent with Thomas’ observation (9) that H. oryzae sporulates 
poorly on most standard media. As none of the isolates produced conidia, this 
medium was considered ideal for studying the effect of ultraviolet radiation on 
sporulation. 

Pyrex petri dishes (100 mm diameter) were filled with 20 ml of PDA (pH 
5.7) and inoculated with mass hyphal transfers (6 mm diameter disks) obtained 
from the periphery of non-sporulating colonies which had been grown in the 
dark. Colonies were replicated three times for each treatment and grown at 
70-75° F. 
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Fic. 1. Spectral distribution of a General Electric 40 w BLB fluorescent Black Light 
lamp (reproduced through courtesy of the General Electric Company). 
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Initial irradiation experiments were made with two 20-w General Electric 
BLB fluorescent Black Light lamps mounted 6} cm apart on a holder with a 
white enamel reflector. The ultraviolet emitted by these lamps (Fig. 1) is 
between 3100-4000 A (mainly 3650 A), with a very small amount of radiation 
emitted as visible light and none as germicidal ultraviolet (11). The lamps 
were suspended 30 cm above the colonies and irradiation was through the 
petri dish lids as Pyrex glass transmits near ultraviolet quite efficiently (6). 
Measurement of the ultraviolet radiation was made with a compensated 
thermopile (Kipp and Zonen E 20) and a galvanometer (Kipp and Zonen A 70) 
with a slit width of 2 mm and the longitudinal axis of the slit parallel to the 
longitudinal axis of the lamps. As thermopiles measure total radiation, it was 
necessary to determine the percentage of radiant heat emitted by the lamps 
so that the percentage of near ultraviolet could be found. To determine the 
percentage of near ultraviolet and radiant heat emitted from the lamps, the 
lamps were first switched on for a warm-up period of 30 minutes and then 
measurements were made with the thermopile minus its slit housing under the 
following conditions: (a) lamps on and no filters, (6) lamps on and Corex A 
filter (Corning 7-54), (c) lamps off and Corex A filter. The red-purple Corex A 
filter transmits near ultraviolet well but does not transmit visible light and 
only transmits a little far-red and negligible infrared. Taking into account the 
percentage transmittance of near ultraviolet by the Corex A filter, it was 
calculated that approximately 22% of the radiant energy from the fluorescent 
Black Light lamps was emitted as near ultraviolet. It was then determined 
that the near ultraviolet transmitted through a 1.9 mm thick Pyrex petri dish 
lid at 30 cm from the two 20-w lamps was approximately 76 uw per cm?. 

Later irradiation experiments were made with eight 40-w fluorescent Black 
Light lamps that gave 420-470 uw per cm? at the culture level when the tubes 
were 40 cm distant. No noticeable differences in sporulation were observed 
when either two 20-w or eight 40-w Black Light lamps were used. 

Measurement of the amount of sporulation by examination of colonies at a 
magnification of 40 was recorded in purely arbitrary units, 0 = no sporula- 
tion, + = scarce, ++ = slight, ++-+ = moderate, and +++-+ = heavy. 


Experiments and Results 


Effects of Continuous Irradiation and Continuous Dark on Sporulation 

Freshly inoculated cultures of the four isolates were placed both under 
continuous near ultraviolet, and total darkness. After 7 days of exposure to 
these conditions, the cultures were examined for the presence of conidia. No 
conidia were formed in any cultures from either conditions, but there was pro- 
fuse formation of conidiophores in irradiated cultures. After 7 days of 
continuous irradiation isolates 1 and 4 were placed under a cycle alternating 
12 hours of darkness with 12 hours of ultraviolet. Immediately following the 
first dark period, conidia were observed in profusion in both isolates. Similarly 
when isolates 2 and 3, after 10 days of continuous irradiation with no sporula- 
tion, were placed under the same dark—ultraviolet cycle, they also produced 
conidia abundantly after the first dark period. No sporulation occurred in any 
of the colonies incubated under total darkness. It was concluded that under 
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irradiation H. oryzae formed conidiophores, but that for the development of 
conidia a period of darkness was necessary following irradiation. 


Light Quality and the Sporulation of H. oryzae 

In preliminary tests, sporulation was induced under daylight fluorescents as 
well as near ultraviolet emitting fluorescent Black Light lamps. As daylight 
fluorescents emit a small amount of near ultraviolet (6, 7, 11) and fluorescent 
Black Light lamps emit a small amount of visible, the question arose—was 
the visible light or the near ultraviolet responsible for stimulating sporulation? 
Colonies of isolate 1 were placed under various glass filters (Table I) and 
irradiated continuously for 10 days under daylight fluorescent lamps at an 
intensity of 440 ft-c. Following irradiation the colonies were placed in dark- 
ness for 12 hours to induce formation of conidia. Additional colonies were 
similarly irradiated under fluorescent Black Light lamps using Corning Noviol 
Pale Shade filters to remove near ultraviolet. 

The results presented in Table I show that only those colonies receiving near 
ultraviolet from the daylight fluorescent lamps developed conidia. Similarly, 
where colonies were irradiated under near ultraviolet emitting Black Light 
lamps, no conidia developed when ultraviolet was removed by filters. It was 
concluded that at the intensities used, near ultraviolet rather than visible 
light was responsible for stimulating sporulation. 


TABLE I 


The effect of wave length on conidial production by H. oryzae 
irradiated under daylight fluorescent lamps 








Conidial 





Filter Transmission* productiont 
96% silica U.V. transmitting (9-54)f 2100 A through visible fpf 4 
Red purple Corex A (7-54) 2300-4200 A +444 
Noviol pale shade (3-74) 3900 A through visible 0 
Noviol shade B (3-72) 4380 A through visible 0 
Noviol shade D (3-70) 4900 A through visible 0 





*Absolute limits. 
+O = no conidia, ++-+-+ = heavy conidial production. 
tldentification number of Corning Glass filters. 
The Effect of Combining Different Lengths of Exposure to Ultraviolet with 
Different Dark Periods on Conidial Development 

To clarify further the relationship of near ultraviolet and dark to sporulation, 
the four isolates were placed under 13 different 10-day treatments as shown in 
Fig. 2. The treatments varied from continuous irradiation at one extreme to 
continuous darkness at the other extreme, with varying intervals of irradiation 
and darkness in between. 

The results were identical for all four isolates and have therefore been com- 
bined in Fig. 2. Several interesting findings were evident: (1) Conidiophores 
developed whenever colonies were irradiated continuously for 12 hours or more. 
(2) Conidiophores failed to develop under total darkness, and also when colonies 
were irradiated with a single 2-hour exposure. Under a 2-hour ultraviolet, 
2-hour dark-alternating cycle, conidiophores were sparse and difficult to 
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Fic. 2. The effect on sporulation of Helminthosporium oryzae of different combinations 
of ultraviolet radiation and dark periods. 


discern. (3) Conidia developed whenever a period of irradiation of 12 hours or 
more was followed by a dark period of 12 hours or longer. The earliest appear- 
ance of conidia occurred in a 2-day-old colony incubated under a 12-hour dark, 
12-hour ultraviolet-alternating cycle. (4) Conidia failed to develop in colonies: 
(a) receiving a 2-hour exposure of ultraviolet after 5 days in darkness, (6) 
under continuous irradiation, (c) under continuous darkness, (d) where an 
extended dark period was followed by continuous irradiation, (e) where an 
extended dark period was followed by a 2-hour ultraviolet, 2-hour dark- 
alternating cycle, (f) where a 5-day period of continuous irradiation was 
followed by a 2-hour dark period, then another 5 days of continuous irradiation. 

In summary it was learned that in cultures on potato dextrose agar, near 
ultraviolet radiation alone stimulated the development of conidiophores, 
whereas for the development of conidia, a dark period following irradiation was 
essential. A single period of 12 hours of darkness following continuous exposure 
to ultraviolet was sufficient to induce conidial formation, while a 2-hour dark 
period, and 2-hour ultraviolet, 2-hour dark alternating cycle were insufficient. 
Neither conidiophores or conidia were able to form under complete darkness. 








It v 
thu: 


The 


for 

hou 
con 
Th 


hou 
dar 
anc 
anc 


per 




























LEACH: SPORULATION IN H. ORYZAE 711 


It was also evident that all four isolates reacted similarly to irradiation and 
thus further experimentation was restricted to a single isolate (isolate 1). 


The Minimum Dark Period following Irradiation Necessary to Induce Develop- 
ment of Conidia 

Colonies were irradiated continuously for 3 days, and then placed in darkness 
for 24 different periods increasing at half-hour increments from } hour to 12 
hours (Table II). After the period of darkness, the cultures were returned to 
continuous ultraviolet and examined 24 hours later for the presence of conidia. 
The results are presented in Table II. 

No conidia developed in colonies subjected to dark periods of less than 43 
hours. Conidia were produced in colonies receiving from 4} hours to 12 hours 
darkness. Fewer conidia developed in those colonies kept under darkness for 44 
and 53 hours than for longer periods. Thus it is apparent that for the initiation 
and development of conidia under the conditions of this experiment, a dark 
period of not less than 4} hours must follow irradiation with near ultraviolet. 


TABLE II 


Length of dark period following continuous irradiation* 
necessary to induce sporulation of Helminthosporium oryzae 














Sporulationt 
Dark period 
(hours) Conidia Conidiophores 
0 0 ++++ 
0.5 0 ++++ 
1 0 +4+4+4+ 
1.5 0 ++44+ 
2 0 +444 
2.5 0 ++++ 
3 0 +4+4+4+ 
3.5 0 +4+4+4+ 
4 0 +4+4+4 
4.5 +++ ++++ 
5 +++ ++4+4+ 
5.5 +++ ++4++ 
6 +444 ++4+4+ 
6.5 ++4++ +444 
7 +4++4++ ++4+++4+ 
: 7.5 ++4+++4+ ++++ 
| 8 ++4+4+ ++4++ 
| 8.5 ++4++ ++4++ 
9 ++4+4+ +4+4+4+ 
9.5 ++++ ++++ 
10 ++++ ++++ 
10.5 +4+++ ++4++ 
| 11 ++++ ++4+++ 
11.5 +444 +++4+ 
12 ++++ ++++4+ 





*3 days continuous irradiation. : 
+O = no sporulation, +++-+ = heavy sporulation. 


The Length of Irradiation Necessary to Induce Sporulation 

Colonies were grown for 5 days under darkness and then irradiated at 
76 uw per cm? for periods ranging from a minimum of 10 seconds to a maximum 
of 12 hours (Table III). The amount of conidial production was recorded after 
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TABLE III 


Length of exposure to near ultraviolet radiation necessary 
to induce sporulation of Helminthosporium oryzae* 














Exposure Sporulationt (conidia) 
0 0 
10 seconds 0 
30 seconds 0-+ 
1 minute + 
5 minutes + 
10 minutes +-++ 
20 minutes + 
2 hours ++ 
4 hours +++ 
6 hours ++++ 
8 hours ++++ 
10 hours ++++ 
12 hours ++++ 
*Incubated at 75° F for 5 days under complete darkness prior to irradiation. 
= no sporulation, ++-+-+ = heavy sporulation. 


colonies had been subjected to a 24-hour dark period following irradiation. The 
results are presented in Table III. 

No sporulation occurred after an exposure of 10 seconds, and only sparse 
sporulation after exposures of 30 seconds, 1 minute, 5 minutes, 10 minutes, 20 
minutes, and 2 hours. Exposures from 4 to 12 hours caused moderate to heavy 
sporulation. 


The Effects of Different Alternating Cycles of Radiation and Darkness on 
Conidial Development 

Having determined both the minimum exposure to ultraviolet and the 
minimum period of darkness necessary for conidial development, we designed 
an experiment to determine the effect of alternating dark—ultraviolet cycles 
using periods of irradiation and darkness both shorter and longer than those 
previously shown to be the minimum for sporulation. Cultures were irradiated 
over a 6-day period under 12 different treatments as shown in Fig. 3. Measure- 
ment of conidial formation was made after the sixth day. 

The results, presented in Fig. 3, were that (1) a 2-hour dark, 2-hour ultra- 
violet alternating cycle was inadequate for conidial development, but when 
followed by a period of 12 hours of darkness, conidia developed, (2) a 4-hour 
dark, 4-hour ultraviolet cycle was inadequate for conidial development, but 
when followed by a period of 12 hours of darkness, conidia developed, (3) a 
6-hour dark, 6-hour ultraviolet cycle was inadequate for conidial development, 
but when followed by a period of 12 hours of darkness, conidia developed, (4) 
under an 8-hour dark, 8-hour ultraviolet cycle, conidia formed without the 
necessity of an additional 12-hour dark period, (5) under a 12-hour dark, 
12-hour ultraviolet cycle, conidia were developed profusely. In this same 
experiment no conidia were produced in colonies that were either irradiated 
continuously or kept in total darkness; however, they were formed when 
colonies irradiated continuously for 53 days were placed in darkness for 
12 hours. 
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Fig. 3. The effect on sporulation of Helminthosporium oryzae of different dark- 
ultraviolet cycles. 


It was concluded that when colonies were exposed to cyclical dark—ultra- 
violet periods of equal length, sporulation did not occur unless the alternating 
periods of the cycle were 8 hours or longer. However, when a cycle less than 8 
hours was used and followed by a single dark period of 12 hours duration, 
conidia also formed abundantly. 


The Effect of Continuous Irradiation on the Growth of H. oryzae 

In the previous experiments it was noted that colonies irradiated for extended 
periods under near ultraviolet frequently appeared to make more radial growth 
than those kept in darkness. This was of interest for it conflicted with the 
observation that long exposures to ultraviolet in the germicidal range (2300- 
3000 A) were generally either lethal or inhibited growth, depending on the 
intensity. To determine the effect of continuousirradiation with near ultraviolet 
on the growth of H. oryzae, Pyrex Erlenmeyer flasks containing 60 ml of a 
potato dextrose nutrient broth (prepared as for PDA but without agar) were 
inoculated with 3 mm diameter disks of inoculum taken from the periphery of 
a single uniform colony growing on PDA. Six flasks wrapped in aluminum foil 
to exclude ultraviolet and six left uncovered were placed in a laboratory shaker. 
In addition six flasks of uninoculated nutrient broth were placed in the shaker. 
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The shaker was placed under four 40-w fluorescent black lamps at a distance 
of 15 cm (232 uw/cm?) at 72° F for 6 days. The contents of the flasks were then 
filtered through Buckner funnels using weighed fiber glass filters. The filters 
were dried for 48 hours at 100° C and reweighed. It was found that there was a 
significant increase in dry weight growth of cultures grown under continuous 
near, ultraviolet versus those grown in complete darkness (Table IV). 


TABLE IV 


The effect of continuous irradiation with near ultraviolet 
on the growth (dry weight) of H. oryzae in shake culture 














Inoculated* 
Uninoculated 
Dark (mean) ft Ultraviolet (mean) (mean) 
0.3393 gt 0.5196 g 0.0086 g 





*Only data from inoculated flasks analyzed. 
tSix replications. 
tDifferent at the 1% level of significance. 


Discussion 

This study revealed that H. oryzae like Choanephora cucurbitarum, Diaporthe 
phaseolorum var. batatatis, and Alternaria brassicae var. dauci, (1, 3, 10, 12) 
requires both “‘light’’ and darkness for sporulation. The wavelengths which 
affected conidial development of H. oryzae were found to be in the near ultra- 
violet (3100-4000 A) contrasted with the 5710-6080 A optimum range for 
sporangial production of C. cucurbitarum cited by Christenberry. However, 
the wavelength requirements of C. cucurbitarum would appear to be an excep- 
tion to the rule, for in general the region of the spectrum reported to be 
responsible for stimulating the sporulation of fungi is the violet—ultraviolet 
region. Witsch and Wagner in their studies found that fluorescent daylight 
lamps were effective in inducing sporulation of A. brassicae var. dauci whereas 
incandescent lamps were not. Fluorescent and incandescent lamps differ 
greatly in their emission of infrared and near ultraviolet, with the fluorescents 
relatively deficient in infrared but emitting a small amount of near ultraviolet 
(7), whereas the incandescents emit considerable infrared and negligible near 
ultraviolet. It is quite probable that the near ultraviolet rather than visible 
light emitted from the fluorescent lamps employed by Witsch and Wagner was 
mainly responsible for stimulating sporulation by A. brassicae var. dauci, as 
has been shown for H. oryzae. 

Although H. oryzae formed conidia after a minimum exposure of 4 hours of 
ultraviolet followed by 24 hours in darkness, and after a minimum dark period 
of 43 hours following a continuous exposure to ultraviolet, these minimum 
requirements were insufficient for sporulation when presented as an alternating 
cycle. For reasons not understood, cycles composed of periods shorter than 8 
hours failed to induce sporulation. It was also evident that although conid- 
iophores would not develop under a single exposure of less than 43 hours, they 
were initiated under a 2-hour ultraviolet, 2-hour dark alternating cycle, 
suggesting that the minimum exposure necessary to induce conidiophore 
development does not necessarily have to be a continuous exposure, but rather 
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it can be additive effect of several exposures. The minimum period of darkness 
necessary for conidial formation apparently must be continuous and cannot be 
achieved by the additive effect of short, intermittent dark periods. More 
experiments are needed to clarify these relationships further. 

In addition to effecting sporulation, near ultraviolet radiation also stimulates 
the growth of H. oryzae. The dry weight increase of shake cultures under 
continuous irradiation over cultures grown under darkness indicates that 
physiological processes other than those directly concerned with sporulation 
are being affected. 

In conclusion it would seem that H. oryzae has a mechanism of sporulation 
closely “‘geared”’ to the diurnal fluctuations of ultraviolet radiation which 
occur in nature and that the biochemical mechanism of sporulation possibly 
involves two main stages, the first being a photochemical stage necessary for 
conidiophore development, and a second stage essential for conidial develop- 
ment which will only proceed in the absence of ultraviolet radiation. Once the 
required factors for the two stages are sufficed, the subsequent condition does 
not seem to be important. The required energy of radiation necessary for 
conidiophore formation is apparently rather low or non-specific since no 
difference was found when irradiating was done at 76 uw per cm? and 470 uw 
per cm?. 
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NUCLEAR PHENOMENA IN THE BASIDIUM OF 
CERATOBASIDIUM PRATICOLUM (KOTILA) OLIVE! 


H. K. SAKSENA? 


Abstract 


The nuclear phenomena in the basidium of Ceratobasidium praticolum ( Pelli- 
cularia praticola), studied by the Giemsa technique, are described and illust- 
rated with photographs. The cells of the vegetative hyphae are multinucleate 
and those of the hymenia binucleate. Before fusion the two nuclei in the young 
basidium become closely adjacent, and their chromosomes are differentiated as 
elongated threads in two distinct groups. After the association of the karyolymph 
of the two nuclei, the chromosomes come into contact and pair. The diploid 
nucleus then undergoes meiosis. The haploid chromosome number is about six, 
with six bivalents present at the first meiotic (disjunctional) division. Apparent 
chromatid bridges were observed at anaphase I. The second meiotic division is 
equational. The spindle axis during both these divisions may be longitudinal, 
transverse, or oblique. The mature basidium has four nuclei which migrate 
through sterigmata into the basidiospores. Most of the basidiospores are uni- 
nucleate when young, but become binucleate at maturity. The basidiospore ger- 
minates by repetition or directly by a germ tube. In either case coenocytic growth 
is produced which, upon further development, is divided into multinucleate 
hyphal cells by the formation of cross septa. 


Introduction 

Ceratobasidium praticolum (Kotila) Olive causes damping-off in seedlings of 
agricultural, horticultural, and forest plants in various parts of the world (8, 
18, 19). The morphology and the pathogenicity of this organism have been 
studied in detail (7, 8, 12, 18, 19). Kotila (12) has shown it to be homothallic, 
since single-spore cultures develop the perfect stage without benefit of mating. 

The taxonomic position and phylogeny of C. praticolum has been a matter 
of some speculation. Originally described by Kotila (12) as Corticium praticola, 
it was reclassified as Pellicularia praticola by Flentje (7). Olive (16) transferred 
P. praticola and the closely related P. filamentosa (Pat.) Rogers to the genus 
Ceratobasidium of the Tremellales, and considers these two species as transi- 
tional forms between Ceratobasidium (heterobasidiomycete) and Pellicularia 
(homobasidiomycete). 

Little information is available in the literature on the cytology of this im- 
portant genus, except for a brief account by Hawn and Vanterpool (9). The 
present investigations were therefore undertaken to study the structure of the 
nuclei and their behavior throughout the life cycle of C. praticolum. Those 
reported in this paper are concerned with the nuclear behavior in the basidium. 
The importance of such cytological studies in the solution of the problems of 
taxonomy and phylogeny needs no emphasis. 


1Manuscript received December 12, 1960. 
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Materials and Methods 
Culture 
Isolate 1250 of C. praticolum, obtained from seedlings of Pinus banksiana 
Lamb., was studied previously (19) and was used for the cytological investiga- 
tions. The cultural method used for the production of the perfect stage on 
corn-meal agar was that outlined formerly (19). 


Cytological Preparations 

Basidia 

Selected 5-mm-square agar blocks were first cut from the fruiting culture on 
plates. As the hymenium of C. praticolum develops on the surface of agar 
colonies, the surface layer of agar blocks containing the hymenium was ob- 
tained in the form of thin sections. The sections were fixed in a 3:1 mixture of 
95% alcohol and glacial acetic acid for 10 minutes, washed in 70% alcohol for 
15 minutes, and stained immediately or stored in 70% alcohol at room 
temperature. 

After various other staining techniques (such as Feulgen, Haidenhain’s iron 
alum haematoxylin, acetocarmine, and aceto-orcein) had been found unsatis- 
factory, the HCl-Giemsa method was adopted. The usefulness of Giemsa stain 
in the study of vegetative nuclei of fungi has been demonstrated by Robinow 
(17) and Bakerspigel (2). It has also proved to be valuable in the study of the 
chromosomes of ascus nuclei by Hrushovetz (10), and Knox-Davies and Dick- 
son (11). The fixed material was hydrolyzed in | N hydrochloric acid for 8 to 
10 minutes at 60° C, washed thoroughly in distilled water, and placed in 
Giemsa staining solution for half an hour. The stain was prepared by adding 
2 drops of Giemsa solution (Gurr’s Improved Giemsa, R-66) per ml buffer 
solution, pH 6.8. The stained material was washed in tap water for 3 to 5 
minutes and then transferred to a microscope slide containing a few drops of 
buffer solution. A cover glass was applied and the stained material was spread 
by gently pressing the cover glass. The excess buffer was removed by filter 
paper and the slide was ringed with paraffin. 

Basidiospores 

The germination of basidiospores and the number of nuclei in the spores was 
best studied in Haidenhain’s haematoxylin preparations. Thin (single dip) 
films of potato-dextrose agar on slides, prepared as described by Robinow (17), 
were inoculated with basidiospores by lightly touching the coated side of the 
slides to the fructifications formed on the surface of culture plates. The slides 
were then incubated in moist chambers for 8, 24, and 48 hours. The germinating 
spores on the slides were fixed in the vapors of a 2% solution of osmium tet- 
roxide, mordanted for 2 to 3 hours in 3% iron alum, and stained for 24 hours in 
half-oxidized haematoxylin of Baker and Jordan (1). The preparations were 
removed from the stain, washed for 3 minutes in distilled water, and dif- 
ferentiated in 2% iron alum. They were then washed in two changes each of 
distilled and tap water and dehydrated by passage through 50%, 70%, 95%, 
absolute alcohol, and finally xylene. Permanent mounts were made in D.P.X. 
mountant. 


Photomicrography 
Photomicrographs were made with a Zeiss microscope fitted with a neofluar 
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100X(N.A. 1.30) oil immersion objective, photo eyepiece 12, and basic 
body II of Zeiss attachment camera with exposure meter. An Exacta 35-mm 
camera was attached to the microscope basic body by means of a miniature 
camera adapter. The microscope contained a built-in illuminating system and 
was supplied with a voltage control. A blue-green filter was used to improve 
contrast. The photographs were taken on Kodak High Contrast Copy film. 


Results 

The cells of the vegetative hyphae of C. praticolum are multinucleate. The 
hymenium develops on short, side branches of the main long hyphae whose 
cells are also multinucleate. The cells of these short, side branches are two- to 
four-nucleate, while those of the hymenium are binucleate. The manner in 
which these cells become binucleate is not known, but it is apparent that the 
change from the multinucleate condition in the vegetative cells to the bi- 
nucleate condition in the hymenial cells is initiated in the cells of the short, side 
branches. The interdivisional nucleus consists of a round nucleolus surrounded 
by a sphere or crescent-shaped chromatin. The nucleolus itself is Feulgen- 
negative. Of the many stains tried, only haematoxylin stained the nucleolus 
satisfactorily. This stain, however, was not useful for the study of chromo- 
somes. Giemsa stained the chromatin deeply and the nucleolus only faintly. 
Because of staining difficulties it was not possible to study the details of the 
behavior of the nucleolus during the nuclear division in the basidium. 


Prophase I 

Since all the basidia in a clump do not mature at the same time, several 
stages were observed prior to the actual fusion of the two haploid nuclei in the 
basidium. In a young basidium the two nuclei become closely adjacent (Fig. 1). 
In each nucleus there is a faintly stained nucleolus and darkly stained granular 
chromatin. No definite nuclear membrane was visible around the nuclei at 
any time. The two nuclei then enter prophase and their nucleoli are no longer 
discernible. The differentiation of their chromatin proceeds through stages 
(Figs. 2-4), and the chromosomes finally appear in the form of strands in a 
reticulate arrangement (Fig. 4). The chromosome differentiation of the two 
nuclei may or may not be simultaneous. The reticulate arrangement is soon 
lost and the freed chromosomes of the two nuclei lie in separate groups in a 
clear area, occupying the greater part of the basidium (Fig. 5). A number of 
chromomeres could be observed on the chromosomes at this stage. As in 
Schizophyllum commune Fries (4), it appears that the nuclear union occurred 
by the association of the unstained karyolymph of the two nuclei. 

The two sets of chromosomes remain distinct for a time, after which they 
come together (Figs. 6, 7). The fusion nucleus at this stage becomes almost 
spherical, is much larger than the vegetative nucleus, and occupies a central 
position in the basidium (Fig. 8). Although initiation and progress of synapsis 
could not be followed, nuclei were observed in which chromosomes of the two 
complements had come into contact and were apparently pairing (Fig. 9). 
The first evidence of the presence of paired and shortened strands of the pachy- 
tene stage is that shown in Fig. 10. In the following stage, diplotene (Fig. 11), 
the chromosomes further contract, and loops, possibly indicating chiasmata, 
are present in the paired strands. With the changes in the nuclear condition a 
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corresponding growth takes place in the basidium, which becomes clavate. As 
further condensation of the chromosomes proceeds, diplotene merges gradually 
into diakinesis (Figs. 12-14). At diakinesis the nuclear material occupies a 
central position in the basidium. This stage provided excellent figures for 
chromosome counts. About six bivalents are distinguishable (Figs. 13, 14). 
One of these is larger than the others and of irregular shape, three are small 
and spherical, and the rod-like remainder are intermediate in size. Hawn and 
Vanterpool (9) also consider six as the haploid number of chromosomes in the 
Pellicularia stage of Rhizoctonia solani Kiihn. 


Metaphase I to Telophase I 

At metaphase I (Figs. 15, 16) the fully contracted deep-staining chromo- 
somes appear as distinct bivalents, and are clustered together in two parallel 
rows in the middle or in the upper parts of the basidium. This is different from 
the condition found in higher organisms where the chromosomes are arranged 
in a group across the equator of the spindle. Of the various meiotic stages 
encountered, the bivalents, arranged in two parallel rows, and various ana- 
phase figures were most readily stained and most frequently observed. 

There is no clear-cut demarcation line between metaphase I and anaphase I. 
By mid-anaphase the chromosomes are found passing to the poles in two lines 
(Figs. 17-20), which condition is considered by Olive (14) in Coleosporium 
vernoniae to be due to the collapse of the spindle fibers into two main strands. 
The anaphase movement of the chromosomes to the poles is asynchronous 
(Figs. 20-22); this is a common phenomenon in many fungi (3, 5, 6, 11, 14, 
15, 20). One or two of the chromosomes distinctly lag on the spindle after 
others have reached the poles. In late anaphase, figures were encountered sug- 
gesting the formation of chromatid bridges (Fig. 23). The cause of these bridges 
is not known, but is probably due to translocations or inversions. Eventually 
the two chromosomes of each bivalent disjoin. In clearer preparations, the 
haploid number of chromosomes passing to each pole end of anaphase I was 
observed to be about six (Fig. 24). The spindle apparatus did not stain with 
Giemsa, but it is intranuclear and could be recognized as a clear zone in the 
stained cytoplasm. Usually the spindle of the first meiotic division is oriented 
transversely (Figs. 17, 19, 22) to the long axis of the basidium, but oblique 





Fics. 1-20. Ceratobasidium praticolum. All X 2000. 

Fic. 1. Two closely adjacent nuclei of the young basidium. 

Fics. 2-4. Stages in the differentiation of the chromosomes of the two nuclei in each 
basidium. Note reticulate arrangement of the chromatin in Fig. 4. 

Fic. 5. Basidium with two complements of relaxed, elongate, prophase chromosomes. 
Chromomeres are visible. 

Fics. 6, 7. Nuclear fusion showing stages in the association of the chromosome material 
of the two complements. 

Fic. 8. Fusion nucleus. 

Fic. 9. Basidium showing pairing of chromosomes. 

Fic. 10. Basidium at pachytene, with synapsed, thickened bivalents. 

Fic. 11. Diplotene, with possibility of chiasmata formation between some pairs. 

Fic. 12. Early diakinesis. 

Fics. 13, 14. Diakinesis showing about six bivalents greatly shortened and condensed. 

Fic. 15. Arrangement of bivalents at metaphase I plate. 

Fic. 16. Late metaphase I. 

Fics. 17-20. Early anaphase I, showing transverse and oblique spindle axis originating 
at different places in the basidia. 
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(Figs. 18, 20, 23) and parallel (Figs. 21, 24) spindles are not rare. The cen- 
trioles or centriole-like bodies, which have been reported for many fungi, were 
not observed at this or any other stage. 

Even in early telophase (Fig. 25) sometimes six dyads were observed in each 
daughter nucleus. At telophase these two newly formed groups of chromosomes 
accumulate at each pole into dark-staining, round chromatinic masses (Fig. 26). 
The nucleus undergoes a short interphase when the chromosomes are individ- 
ually indistinct. Neither the development of any definite nuclear membrane nor 
the formation of a nucleolus was noticed. 


Second Metotic Division 

Following a short resting phase, the nuclei that are formed after telophase 
I undergo the second meiotic division, which is briefer than the previous divi- 
sion. The first recognizable stage is the condensation of the chromatin material 
into small, compact, deep-staining, rod-like structures (Fig. 27), during pro- 
phase II. At metaphase II (Fig. 27), the chromosomes are again clustered in 
two parallel rows on the spindle as in metaphase I, and pass to the two poles 
in two lines at anaphase II (Figs. 28, 29). Because of the clumping of the chro- 
mosomes at these stages, it was not possible to make any chromosomal count. 
The spindles (which are not stained, but are inferred from the clear zone in 
which the chromosomes lie) of this division are transverse (Fig. 28), oblique, or 
longitudinal (Fig. 29). Occasionally, the spindle is transverse in one nucleus 
and longitudinal in another. The two nuclei may undergo the II meiotic divi- 
sion simultaneously (Figs. 28, 29), or may have a differential rate of division; 
one of them may even complete the division before the other begins (5, 6, 
14, 15, 20). 





Fics. 21-39. Ceratobasidium praticolum. All X 2000 except Figs. 38, 39, « 1000. 

Fic. 21. Mid-anaphase I showing lagging chromosomes. Note the dyads at the lower 
pole. 

Fic. 22. Lagging chromosomes at anaphase I. 

Fic. 23. Chromatid bridge at anaphase I 

Fic. 24. Late anaphase I showing about six dyads in focus at the lower pole end. 

Fic. 25. Early telophase I. 

Fic. 26. Telophase I nuclei. 

Fic. 27. II meiotic division. The nucleus on right is in an advanced stage of what could 
be metaphase II, while the one on left appears to be in early prophase II. 

Fic. 28. Anaphase II showing the transverse orientation of the spindles of the two 
nuclei, parallel to each other. 

“1G. 29. Anaphase II, showing the vertical orientation of the spindles, parallel to each 
other. 

Fic. 30. End of II meiotic division; three of the four young, haploid nuclei in focus. 

Fics. 31, 32. Mature basidia each with four enlarged, haploid nuclei showing deeply 
stained chromatin. 

Fic. 33. Basidium with horn-like projections of young sterigmata, and nuclei migrating 
towards the apex of the basidium. 

Fic. 34. Two young uninucleate basidiospores attached-to the sterigmata. The nucleus 
of the spore on left preparing to undergo division. 

Fic. 35. Two basidiospores attached to the sterigmata; (left) mature, binucleate spore; 
(right) young spore with two daughter nuclei, product of recently completed division of 
the original single nucleus. 

Fic. 36. Three mature, binucleate basidiospores of a four-spored basidium. 

Fic. 37. One-, two-, three-nucleate discharged, mature basidiospores. 

Fic. 38. Germination of basidiospore by germ tube. 

Fic. 39. Germination of basidiospore by repetition. Note the collapsed basidiospore and 
sterigma-like growth. 
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As the second division comes to a close, four small, deep-staining nuclei are 
produced in the basidium (Fig. 30). They lie close together apparently because 
of the short spindle of the second division. The nucleoli are difficult to disting- 
uish in the nuclei at this stage. As the nuclei reorganize, they increase in size, 
and deep-staining chromatin bodies become apparent in each (Figs. 31, 32). 
Basidia with five nuclei were observed twice. When there are five spores to a 
basidium, as is infrequently found in C. praticolum, division of one of the four 
nuclei could account for the increase in the number of nuclei in the basidium. 


Formation of Sterigmata and Basidiospores 

Small, inverted, conical protuberances begin to form at the apex of the 
basidium while it is in the quadrinucleate stage (Fig. 33); this is the initiation 
of the sterigmata. From one to five sterigmata, most commonly three or four, 
develop on each basidium of C. praticolum. When fully developed, the tips of 
the sterigmata gradually become swollen and enlarged. Finally a spore is 
formed at the apex of each, and nuclear migration from the basidium to the 
spore takes place. 

To determine the number of nuclei present in the basidiospores during 
various stages of development prior to germination, nuclear counts were made 
in basidiospores attached to the sterigmata and after discharge. Of the 54 
spores examined while attached to the sterigmata, 30 were uninucleate and 
the remainder binucleate. All the uninucleate spores were young and about 
one-half to two-thirds their mature size (Fig. 34), while the binucleate spores 
were near mature size (Fig. 36). The nuclei of some young uninucleate spores 
were also observed in various stages of division (Figs. 34, 35). In one instance, 
all the four spores of one basidium were found to be binucleate. In view of these 
observations, it is most likely that the young spores initially receive a single 
nucleus which soon divides to give rise to the binucleate condition found in the 
mature spores. 

Of the 108 discharged basidiospores examined, 34 were uninucleate, 68 
binucleate, 4 trinucleate, and the remaining 2 were quadrinucleate (Fig. 37). 
The majority of the mature spores thus possess more than one nucleus. This is 
at variance with the observation of Hawn and Vanterpool (9) on the closely 
related Pellicularia stage of a strain of R. solani (probably C. praticolum). 
These authors found the basidiospores to be predominantly uninucleate, and 
observed the binucleate condition only in spores which had begun to form 
germ tubes. 


Germination of Basidiospores 

Germination of basidiospores may be by germ tube or by repetition. In 
the former case, only one germ tube is produced from any point on the spore 
wall. The nuclei of the spore divide repeatedly with the elongation of the germ 
tube without accompanying septa formation. As a result, the young germ tube 
becomes coenocytic (Fig. 38). The first septum appears when the germ tube 
has attained a length of over 100 uw, and thereafter the process is repeated as 
the germ tube grows, forming multinucleate hyphal cells. The mode of division 
of the nuclei in the basidiospores, and in the germ tube, will be the subject of 
a later paper. 

In germination by repetition, each basidiospore develops one, rarely two, 
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sterigma-like structures, at the apex of which a secondary spore develops. The 
cellular contents and the nuclei from the basidiospore migrate into the second- 
ary spore which is then cut off from the rest by a septum formed at the junc- 
tion of the secondary spore and the sterigma. The empty basidiospore and the 
sterigma collapse soon after (Fig. 39), and the secondary spore grows directly 
into a coenocytic hypha. Septa that appear later divide the hypha into 
multinucleate cells. 


Discussion 


The presence of two nuclei in the basidium and their subsequent fusion 
followed by two nuclear divisions show that the nuclear cycle in C. praticolum 
up to the formation of the tetracyte nuclei is comparable to that found in 
many other basidiomycetes (4, 9, 15, 21, 22, 23, 24). However, there are certain 
features of nuclear division which seem to require comment. 

During the first prophase there is no leptotene stage as is found in higher 
plants. Instead, the extended chromosomes of each of the two nuclei remain 
distinct for some time in separate groups before they come together. There is 
a strong indication that the synapsis occurs after chromosome elongation, and 
is followed by thickening and shortening of the chromosomes, which continues 
till diakinesis. This condition is similar to that found in higher plants and 
reported in a number of species of homobasidiomycetes studied by Wakayama 
(23, 24), in Schizophyllum commune (4), and in the ascomycete, Sporormia 
obliquisepta (25). No stages were seen that would suggest the occurrence of 
precocious synapsis and elongation of pachytene threads, as is reported to 
occur in the rust fungus Coleosporium (14, 20) and in a great many ascomycetes 
(3, 5, 6, 10, 15). 

The haploid chromosome number is about six. About six bivalents can be 
counted at diakinesis and at metaphase I, and six chromosomes at each pole, 
at anaphase I. The first division is disjunctional and the second equational. 
The spindles of both these divisions may be oriented in any conceivable 
manner—transverse, vertical, or oblique. 

The basidium has four nuclei after meiosis, but it may develop one to five, 
most commonly three and four basidiospores, a situation which is not in- 
frequent in the basidiomycetes. This variation in the number of spores of a 
quadrinucleate basidium raises the question of the distribution of the nuclei 
in the spores and their biological significance. Although actual migration and 
final disposition of the four nuclei is not completely proved by cytological 
observations alone, the dominance of three- and four-spored basidia leaves 
little doubt that a majority of the spores initially receive one nucleus each. 
This is supported by the uninucleate condition observed in the young spores. 
In case of a five-spored basidium, in all probability each spore receives a 
single nucleus; in such a basidium, division of one of the four nuclei would 
account for the increase in the number of nuclei in the basidium, and five- 
nucleate basidia have been observed. It may be argued that a large number of 
mature, discharged basidiospores examined were binucleate. It is maintained 
that this is chiefly due to the early division of the initial, single nucleus, as 
indicated by the figures of nuclear division obtained in young uninucleate 
spores, and to some extent only due to the spore originally receiving more than 
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one nucleus from the basidium. This is conceivable in the case of some of the 
spores having their origin on basidia bearing less than four spores, unless the 
excess nuclei degenerate in the basidia. However, this variation in the number 
of spores per basidium, and consequently in the number of initial nuclei per 
spore,-does not appear to have any biological significance in C. praticolum, 
as is the case in some basidiomycetes (22). Kotila (12) has previously shown 
that the fertile, single spore cultures of C. praticolum behave alike, irrespective 
of whether they had their origin on two-, three-, and four-spored basidia. 

Kotila (12) found that the single-spore cultures of C. praticolum would 
fruit, and concluded that the fungus is homothallic. Kotila’s observations 
were confirmed by the author in a small experiment using isolate 1250 where 
8 out of 10 single-spore cultures formed the perfect stage. It has been pre- 
viously argued that a majority of the basidiospores are initially uninucleate. 
The investigations reported in this paper provide cytological proof of true 
homothallism in C. praticolum in that it can complete its life cycle from the 
development of a single uninucleate spore formed after karyogamy and meiosis. 
The reduction division in the basidium therefore does not serve the purpose of 
segregation of sex genes. However, the possibility that heterokaryosis followed 
by hybridization and segregation in the basidium may occur in this fungus, 
when mycelia differing in phenotype or biotype are brought together, cannot 
be ruled out. Although information on this subject is scanty, occurrence of 
hybridization has been shown in homothallic species of Aspergillaceae and 
Helotiaceae and discussed by Olive (15); and the possibility of the occurrence 
of heterozygous strains in R. solani (Ceratobasidium filamentosum (Pat.) Olive) 
has been suggested by some workers (9, 13). 

Kotila (12) found a few of his single spore cultures of C. praticolum to remain 
sterile. After ascertaining that their sterility was not due to a haploid genetic 
constitution, he concluded that some internal factors other than sex were 
responsible for their sterility. Chromosome bridges, formed during meiosis, 
are commonly the result of chiasmata forming in the regions of translocations 
and inversions, and usually cause lethal or sterile conditions of the cells after 
meiosis. If bridge formation occurs in C. praticolum, as strongly suggested by 
some anaphase figures, this might explain the cause of sterility observed by 
Kotila in this organism. 
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COMPARATIVE YIELDS OF HIRSUTELLA GIGANTEA PETCH 
WITH L-GLUTAMIC ACID AND MONOSODIUM 
GLUTAMATE AS NITROGEN SOURCES! 


T. C. LouGHHEED AND D. M. MacLrEop 


In recent studies concerning the nutritional requirements of Hirsutella 
gigantea Petch, an entomogenous fungus, it was found that of the various 
amino acids tested L-glutamic acid gave the best growth (1). In the experi- 
mental technique used in that investigation the various nutrients were added 
to double distilled water, the pH adjusted to 6 with either 3 N HCl or NaOH, 
and the solution sterilized by filtration. With L-glutamic acid, however, it 
was necessary to modify the standard method to some extent, since this com- 
pound is not readily soluble in water. To dissolve the glutamic acid, the re- 
quired amount was suspended in water and alkali added until the pH was 
raised to approximately 6. The remaining nutrients were then added, the pH 
adjusted to 6, and the solution sterilized. In a subsequent series of experiments, 
in which the glutamic acid — glucose solution was to serve as the basal medium, 
it was thought that the original, simpler technique could be used if monosodium 
glutamate was substituted for L-glutamic acid. This compound is readily 
soluble in water yielding a solution whose pH is nearly 6. 

Media containing these two compounds were therefore compared for their 
ability to support growth of this fungus using the procedure previously des- 
cribed (1). The results shown in Fig. 1 indicate that L-glutamic acid gave 
results similar to those obtained previously with other media (1), i.e., the total 
yield increased with an increase in inoculum size. With sodium glutamate, 
however, there was no evidence of a similar relationship between inoculum 
size and yield. Moreover, the yields with the same level of nitrogen were from 
3 to 3 of those obtained with L-glutamic acid. It was also noted that the mycel- 
ium grown in the L-glutamic acid medium was white to pink in color, while 
that grown in sodium glutamate medium was pale to dark brown. 

One possibility considered was that the sodium glutamate was a mixture of 
the isomers since it is known that, for this fungus, D-glutamic acid supports 
much less growth than the L form (1). However, our sample has been rechecked 
by the manufacturer, who found that it is definitely monosodium L-glutamate. 
Chromatography of the compounds revealed no other ninhydrin-reactive 
substances nor could any other spots be detected when the papers were 
examined under ultraviolet light. Quantitative chromatographic analysis 
indicated no gross contamination although the error of the method would 
allow minor contaminants to go undetected. 


1Contribution No. 24 from the Insect Pathology Research Institute, Research Branch, 
Canada Department of Agriculture, Sault Ste. Marie, Ontario, Canada. 
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Fic. 1. Comparative yields of H. gigantea with different inoculum levels, in dextrose 
(1%) — basal medium with L-glutamic acid and monosodium glutamate (each providing 
25 mg N/50 ml) as a source of nitrogen. Inoculum size (mg) refers to dry weight of frag- 
mented mycelium; dry weight is the mean of six replicates; incubation period, 12 days. 


According to Dr. S. M. Mann (Nutritional Biochemicals Corporation, 
personal communication) the monosodium glutamate is prepared from glu- 
tamic acid which, in turn, is isolated from natural sources. The possibility 
exists, therefore, that minor variations in different lots of the starting materials 
might be reflected in the final products. One other variable is the alkali used; 
in one case by the manufacturer to prepare the monosodium salt, and in the 
other case by us to adjust the pH of the glutamic acid medium. Whatever the 
explanation, this experience is a reminder that, in critical studies of nutritional 


requirements, small changes in the procedure may give large differences in 
results. 


1. MacLeop, D. M. 1959. Nutritional studies on the genus Hirsutella. I1. Nitrogen utilization 
in a synthetic medium. Can. J. Botany, 37, 819-834. 
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NOTES 


A METHOD FOR SECTIONING PLANT MATERIAL USING 
CELLULOSE TAPE! 


J. M. Bonca 


During studies of the eastern dwarf mistletoe, Arceuthobium pusillum Peck, 
on black spruce, Picea mariana (Mill.) B.S.P., the author recalled being 
informed that in some laboratories cellulose tape was used as an expedient in 
sectioning animal tissues. A search of the literature failed to disclose further 
information on the method and the possible usefulness of cellulose tape in the 
sectioning of spruce twigs infected with dwarf mistletoe was therefore 
investigated. 

It was found that by using cellulose tape, the soft and hard tissues of the 
twigs could be sectioned simultaneously. Sections as thin as 6 or 8 uw could be 
cut easily from the wood and as thin as 2 or 3 uw from the softer bark. The 
sections were remarkably flat, showed little or no rupture, and no appreciable 
compression. Furthermore, sections could be maintained as a series on the tape. 
Because of these advantages, the method described below is being used by the 
author. 

Blocks approximately 10 mm long are cut from 4- to 6-year-old twigs, fixed 
in FAA, dehydrated by the ethyl alcohol — tertiary butyl alcohol method of 
Johansen (1), and embedded in Fisher ‘‘Tissue Mat’”’. Sectioning of the blocks, 
by either a sliding or rotary microtome, proceeds in the usual manner until a 
smooth cutting surface is obtained. A strip of cellulose tape, held at one end 
and fastened to a ring stand at the other, is then attached to the cutting surface 
and a section is cut which adheres to the tape. The cutting surface is prepared 
again and the procedure repeated. This continues until a sufficient number of 
sections has been accumulated on the tape (Fig. 1). At that time, the tape is cut 
into suitable lengths and affixed to microscope slides with the sections between 
the tape and the slide. Good adhesion is obtained using Haupt’s adhesive and 
formalin. Excess adhesive is removed by firmly rolling a glass rod over wet 
filter paper placed on the slides. The slides are dried for 24 hours with the tape 
side down on dry filter paper. Pressure on the slides is applied by lead blocks. 
After they are dried, the slides are placed in xylene and after 24 to 72 hours, 
the tape loosens and separates from the slides, leaving the sections attached. 
Any residual adhesive and “tissue mat’’ is removed in several changes of 
xylene. Finally, the sections are stained and mounted as desired. 


1. JOHANSEN, D. A. 1940. Plant microtechnique. McGraw-Hill Book Co., New York. 


1Contribution No. 730, Forest Biology Division. 
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Fic. 1. Cutting serial sections of woody tissue using the cellulose tape method. 
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